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Preface 


Whereas numerous excellent works are available already dealing with 
thermionic and semiconductor devices and circuit techniques, cold 
cathode devices have remained strangely neglected. 

In many industrial applications, trigger and counting tubes offer 
advantages of circuit simplicity, economy or reliability in comparison 
with vacuum or solid-state devices. Although the choice of active 
element should in each case be a purely technical decision, a designer 
will naturally think most freely in terms of components and techniques 
with which he is familiar. It is hoped that in presenting information on 
a wide range of cold cathode tubes and their application, this book will 
help circuit designers to acquire familiarity with a class of device today 
being used to a rapidly increasing extent. 

Whilst the presentation has been arranged in a logical order, an 
attempt has also been made to keep each chapter self-contained. A 
reader seeking information on a particular class of device should thus 
find, without tedious cross-reference, a consecutive account of its 
characteristics, mode of operation, circuit design procedure, worked 
examples and ‘cut and dried’ circuits for a variety of typical 
applications, 

Repeated emphasis has been laid on the need for fully-toleranced 
designs making allowance for the worst possible combination of vari- 
ables. In the past, many installations have proved disappointing either 
because insufficient attention was given to this aspect or because the 
tubes themselves drifted out of tolerance. Adequate information on life 
stability is now available for modern close-tolerance tubes and, if it is 
applied properly, highly reliable circuits can be designed. In even a 
simple circuit, however, the number of variables can accumulate so 
quickly that the designer is tempted to shirk the solution of a corre- 
sponding number of simultaneous equations—assuming he can set them 
out in the first place. It is to remove this temptation that the Design Pro- 
cedures have been set out. Use of these Design Procedures in the 
Laboratory has proved that, without expert knowledge, a technician can 
quickly derive a soundly engineered design for any of the problems con- 
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sidered. The layout of Worked Examples follows those of the Design 
Procedures so that any doubts as to interpretation may readily be 
resolved. 
D. M. Neale 
Brentwood, 
July 1963 
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CHAPTER ONE 
Evolution of the Cold Cathode Tube 


About 1700, less than twenty years after Otto von Guericke had built 
the first electrical machine, Newton and Hawksbee produced electrical 
discharges in glass spheres evacuated to a low pressure. It was not until 
1856, however, that Heinrich Geissler produced the first discharge tubes 
bearing his name. These tubes variously contained air, carbon dioxide, 
and hydrogen at pressures of one or two millimetres of mercury. When 
high voltage a.c. was applied to sealed-in electrodes at either end 
luminous discharges of great beauty were produced, the colour of which 
depended on the nature of the gas filling. Scientifically, Geissler tubes 
were of interest for the study of radiation spectra. For other applications 
they were of limited value because the gases then available led to severe 
sputtering of the electrode material. As a result, the envelope blackened 
near the electrodes and the gas pressure fell progressively until, after a 
rather short life, the discharge could no longer be established with a 
reasonable applied voltage. 

Neon was not discovered until 1898. For ten years thereafter the 
world’s supply of pure neon was contained in two small tubes inverted 
over mercury and standing on the mantelpiece of Sir William Ramsay, 
its discoverer. As soon as Georges Claude began to isolate substantial 
quantities of a helium-neon mixture in 1908, however, the possibilities 
of the neon discharge tube as a light source were explored. At the Paris 
Motor Exhibition of 1910 Claude himself exhibited two 38-ft neon 
tubes. As in modern advertising signs, the light produced by these high- 
voltage tubes came from the positive column, the luminous region 
starting a centimetre or so from the cathode and extending to the anode. 

Meanwhile work was in hand to develop a neon lamp for domestic 
use. Electricity was expensive at that time, and so also were filament 
lamps of even the lowest wattage rating. For certain purposes there 
would thus be an attraction in a relatively robust lamp of very low 
current consumption. Professor H. E. Watson has related [1] how in 
‘sparking-out’ the impurities from Claude’s helium/neon mixture, he 
observed the ease with which neon sustained an electrical discharge. 
In 1910 he determined the cathode potential fall for pure neon with 
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aluminium electrodes as 200 V. This meant that a tube without a further 
potential fall due to a positive column could be made to operate on the 
220 V domestic supply then common in England. As such a lamp would 
have no positive column, the light would necessarily come from the 
negative glow surrounding the cathode. As a light source, such a lamp 
is inefficient. The negative-glow neon lamp provides only about 0-7 
lumens/W as compared with about 20 lumens/W from high-voltage 
tubes similar to Claude’s and about 8 lumens/W from the metal-filament 
incandescent lamps already available in 1910 [2]. 

Despite its limitations, the ‘glow-lamp’ soon found favour in Germany, 
where 220-V domestic supplies were common. As a result of research 
work directed by Dr F. Schréter, the German firm of Pintsch A.G. 
produced the first commercial glow-lamps in 1918. Two years later 
Osram G.m.b.H. were making 500 lamps a day [1]. These were used 
mainly as night-lights or switchboard indicators for which the low 
power consumption (3-5 W) was welcome, or in mines, where their 
relative ruggedness was an additional attraction. 

Claude had experienced some difficulty with contaminants in his 
neon-filled tubes. Of the noble gases, he is reported as saying [3]: ‘Neon 
has a very high idea of its dignity. Although capable of remarkable 
effects when isolated, it absolutely refuses to do anything when in 
contact with common gases.’ Sputtering had also been a problem for 
which a solution had to be found. Techniques devised by Claude and 
others for the construction of high-voltage tubes were not all applicable 
to the manufacture of glow-lamps in quantity, however. It was thus a 
considerable advance when, in 1917, Pintsch A.G. showed that, in very 
small quantities, diatomic gases were a useful addition to the gas-filling. 
Not only was the breakdown potential lowered, but sputtering was 
reduced dramatically. Shortly afterwards the Dutch firm of N. V. 
Philips entered the story, recommending a helium—neon mixture con- 
taining up to 5° argon as a filling with which sputtering was greatly 
reduced. 

In France and the U.S.A., the use of 110-V domestic supplies made 
the glow-tube of little interest unless it could operate on this low voltage 
supply. From 1914 the General Electric Laboratories at Schenectady 
had been making experimental lamps with this object, but by 1920 a 
satisfactory lamp had still not been developed. For a while there was 
a loss of interest in the glow-lamp in the U.S.A. 

Osram G.m.b.H. was more successful and Dr Skaupy showed in 
1917 that the cathode fall could be reduced sufficiently by coating the 
cathode with barium azide. Another five years were required before 
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these activated cathodes became a commercial proposition. In the mean- 
while 1921 saw the first Philips neon glow-lamps for 110-V supplies. 
They used cathodes of magnesium and beryllium alloys, later improved 
by the addition of potassium nitrate, 

Stimulated by the successes of their European competitors, the Ameri- 
cans returned to the problem and finally T. E. Foulke evolved at 
Schenectady two new coating processes. One was a variation of Skaupy’s 
barium azide process. The other involved the conversion of barium 
carbonate to the oxide. From this renewed activity there emerged in 
1929 the miniature neon lamp, of which the world consumption is now 
some 70 millions per annum [1, 3]. One of these tubes can now be sold 
for less than a shilling, and over its 25,000-hour life it will consume less 
than two-pennyworth of electric power. The objective of a cheap and 
economical tube has certainly been attained. 

Even now, research on the neon glow-lamp continues. Lemaigre- 
Voreaux [4] has discussed the advent of long-life high-intensity lamps 
and the possibility of others operating with an anode—cathode voltage 
of only 23 V. 

In developing the early neon lamps many factors had to be reconciled. 
Cathodes and gas-fillings had to be found which not only provided 
operation at reasonably low voltages without excessive sputtering, but 
also were mutually compatible and compatible with one of the limited 
range of materials then available for lead-out wires which could be 
taken through the glass envelope in a gas-tight seal. By the late 1920s, 
however, solutions to all these problems were available. The scene was 
thus set for the development of tubes with additional control electrodes. 

John Logie Baird used a neon glow-lamp as the modulated light 
source in his 1926 television receiver. As the modulation frequency did 
not exceed 10 ke/s, the response was sufficiently rapid, although the 
light output was necessarily extremely low. 

Curiously, another early reference to control of a cold cathode dis- 
charge is also concerned with television. Manfred von Ardenne, writing 
in 1960 on the early days of television [5], mentions the development in 
1925 of relaxation oscillators ‘which could be synchronized by means 
of a cold cathode thyratron with external control from the signal’. 
Cobine [6] and others quote Knowles [7, 8] as the first to publish, in 
1930, an account of a neon glow-tube with an anode-cathode discharge 
initiated by a third electrode. Knowles’ tubes were essentially high- 
voltage devices, and so were of limited application. 

The first cold cathode trigger tube to find extensive use was developed 
by Ingram at the Bell Telephone Laboratories. It was first anounced 
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in 1936 [9] as ‘the 313A Vacuum Tube’ — despite the fact that it was 
filled with a mixture of neon and other gases to a pressure of several 
centimetres of mercury. This tube was of ‘split-mushroom’ construction: 
two identical half-hemispherical electrodes could be used interchange- 
ably as trigger or cathode. The anode was a wire rod enclosed for most 
of its length in a glass sleeve. Both halves of the ‘mushroom’ were 
barium-activated and the tube could carry up to 30 mA at an anode- 
cathode voltage of 75 V. The 313A was developed for a specific applica- 
tion in telephony. In this it replaced a polarized relay and capacitor for 
selective ringing on party lines [10]. 

Only three years after the first trigger tubes became available Ingram 
was able to describe [11] most of the circuit techniques employed today. 
Since then advances have concerned tube design rather than circuitry. 
The 313A tube of 1936 had a rated life of only 300 hours of conduction. 
During the next decade improved manufacturing techniques led to an 
improvement in the life and stability of voltage stabilizing diodes and 
trigger tubes. 

In 1946 Penning, Jurriaanse, and Moubis [12, 13, 14] described work 
done in the Philips Laboratories which led to a further remarkable 
improvement in both life and stability of the cold cathode tube. As a 
result, a new class of tube appeared having a cathode of pure molyb- 
denum. During manufacture this is made to carry a discharge of such 
a value as to produce heavy sputtering. The surface layer of the cathode 
is thereby removed to reveal perfectly clean metal beneath. The sputtered- 
off material, moreover, cleans up any traces of contaminating gases in 
the filling, seals the surface of the glass envelope on which it settles, and 
serves as a ‘getter’ trapping any gas attempting to escape from the glass 
and liable to contaminate the cathode. The new technique was applied 
first to the 85A1 voltage reference diode, and during the next ten years 
to the production of high-stability trigger tubes [15]. 

In 1952 Hough and Ridler [{16] described work which had been pro- 
ceeding concurrently in the laboratories of Standard Telephones and 
Cables Ltd. Its prime object was to produce a trigger tube suitable for 
high-speed circuit applications, These demand a tube in which the gas- 
filling deionizes rapidly when the anode-cathode voltage is depressed. 
Additives to the gas-filling known to produce rapid deionization rapidly 
destroy an activated cathode, and so it was found necessary to return 
to pure metal cathodes — in this case, of nickel. At both the Philips and 
the S.T. & C. Laboratories it was also found desirable to include in the 
trigger tube envelope a small continuous discharge to’ provide the 
primary ionization needed for rapid and reliable triggering. 
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Elsewhere and at about the same time considerable effort was being 
directed towards further development of the activated-cathode tube. 
Here the objective was a mass-produced tube selling for a few pence 
apiece. Unlike the thermionic valve, a cold cathode tube does not 
deteriorate under stand-by conditions. It was therefore visualized that a 
cheap tube would be useful in computers and other circuits calling for 
large numbers of active elements. When an activated cathode carries 
current, however, the coated surface is progressively destroyed and the 
tube characteristics change accordingly. The cheap mass-produced tubes 
were no exception to this rule, and very few circuit designers made due 
allowance for ageing effects. 

Inevitably the tubes concerned soon earned themselves a bad reputa- 
tion. Undeservedly, the more sophisticated tubes using pure metal 
cathodes were to some extent stigmatized also. Thus the activated 
cathode, so valuable to the neon glow-lamp, rendered the trigger tube a 
disservice. A few trigger tubes using activated cathodes have proved 
highly successful, but in general the pure-metal type is now cheaper, 
longer-lived, and more stable. No doubt the next few years will lead to a 
balanced appraisal of their merits. 

While the quest for the ideal cathode was in progress a novel type of 
cold cathode device was being developed in the S.T. & C. laboratories 
[16]. This had a number of similar cathodes, each of which accepted in 
turn the continuously flowing anode current, transfer from one cathode 
to the next occurring in response to pulses applied to intermediate 
electrodes. Such a multi-cathode stepping tube could combine in one 
envelope the functions of decade counter and display device. The first 
commercially available tube of this new class was, however, the 
Ericsson ‘Dekatron’, which appeared in 1950 [17]. Its success was 
immediate. For simplicity and reliability it was a big advance on circuits 
using thermionic tubes. Transistorized counters can now provide 
reliability superior to that of the earliest ‘DeKatron’ circuits, but, with 
the acquisition of experience and the introduction of new and improved 
tubes, stepping-tube circuit reliability has advanced to a comparable 
extent. In favourable applications the stepping tube has a working life 
of 100,000 hours. Based on a 40-hour week, this is longer than the 
probable working life of the circuit designer! 

Over the last ten years an improved understanding of the physics of 
the gas discharge has brought a remarkable diversity of new tubes: 
stepping tubes operating up to 1 Mc/s; numerical indicators reminiscent 
of much earlier devices [18], but capable of displaying any digit from 
0 to 9, substantially in the same position; stepping tubes capable of 
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switching these number tubes directly; other numerical indicators 
responding to signals as small as 5 V; tubes for switching high voltages; 
tubes for switching high currents; photographic flash and stroboscopic 
tubes — the list is continually lengthening. 

It cannot yet be said that there is a tube for every purpose: it is 
neither reasonable nor sensible to hope there ever will be. But certainly 
there are many purposes for which the cold cathode gas discharge tube 
meets little or no competition. It is hoped that, with the assistance of 
the chapters which follow, the circuit designer will be able to familiarize 
himself with the various types available and so make full use of their 
unique properties. 
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CHAPTER TWO 


The Gas Discharge 
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For most practical purposes a gas in a weak electric field may be 
regarded as an insulator. In each atom the electrostatic charge of the 
nucleus is equal and opposite to that of the electrons surrounding it. 
The net charge on an atom or molecule is thus zero, each charge carrying 
with it an equal and opposite charge. Since a flow of current Tequires a 
transfer of net charge, no current can flow while this state persists. 

There are, however, several processes by which a gas can be ionized, 
that is electrons can be removed from molecules or added to them. The 
resulting ions then carry net charges and, under the influence of electro- 
static fields, they move. Thus current flows through a gas whenever an 
electrostatic field is applied across it and ions are present in the gas. 

Of the various processes by which a gas may be ionized, not all are 
yet of practical value. For example, a carbon arc may be ‘struck’ by 
holding a lighted match under the gap between the carbons. Thermal 
agitation ionizes the gases in the flame, and these ions then move under 
the influence of the electrostatic field between the electrodes. Almost 
instantaneously, an arc discharge is initiated, ic. a discharge having a 
current density at the cathode of the order of 100 A/cm?. 

The carbon arc was one of the first practical applications of electricity. 
Although it remains important today, its mechanism is still not fully 
understood. Much has been learnt about gaseous discharges at lower 
current densities, however, and a general theory of such discharges is 
now well established [1, 2]. 

When X-rays or gamma-rays pass through a gas a proportion of the 
photons is absorbed. Some of the energy is lost in expelling electrons 
from molecules of the gas, so producing electron-ion pairs. In the 
absence of an external electrostatic field electrons and ions tend to 
recombine. The chances of recombination clearly increase with the 
number of ions per unit volume. Equilibrium is thus reached when the 
number of free electrons is such that the rate of recombination becomes 
equal to the rate at which further electrons are being expelled. 

If now a voltage is applied between two electrodes in the gas the 
electrostatic field attracts electrons towards the positive electrode and 
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ions towards the negative. Electrons reaching the positive electrode 
flow through the external circuit and replace other electrons which have 
neutralized positive ions striking the cathode. Thus an electron current 
flows through the gas and into the anode while an equal current of 
positive ions flows into the cathode. Measured at any point between the 
electrodes the current flowing through the gas is the same as that in the 
external circiut. But near the anode the current is predominantly due 
to electron flow while near the cathode it is almost entirely due to positive 
ion flow. This condition arises because, although electron-ion pairs are 
produced mainly between the electrodes, they immediately tend to move 
in opposite directions. 
If the voltage between electrodes is low the acceleration of electrons 
and ions is correspondingly low. Conse- 
quently, many electrons are then recaptured 
by ions before they can reach the anode. J 
As the inter-electrode voltage is increased, 
however, electrons and ions are accelerated A B 
more rapidly. Consequently, they reach 
the electrodes more quickly and the chances v= 
of recombination are reduced. This mani- 
fests itself as an increase in current with 
increase of inter-electrode voltage. It will 
be seen from Fig. 2.1 that the rise of current 
with voltage, though rapid at first, soon reaches a saturation value at 
which it remains practically constant, as shown by the part AB of the 
curve. It appears that over this range all the electrons liberated by the 
X-rays or gamma-rays reach the anode before any recombine with 
ions. The saturation current is thus a measure of the intensity of the 
ionizing radiation.* 
Provided the rate of generation of free electrons or ions remains small, 
Fig. 2.1 is characteristic of the behaviour of any gaseous discharge. It is 
of no great importance how the charge carriers are injected. Thus, 
besides the mechanisms described already, photoelectric emission may 


Fig. 2.1. Current—voltage 
characteristic of Townsend 
discharge. 


* This property is, in fact, used when alpha- or beta-radiation is measured with a 
gas-filled ionization chamber. Alpha and ‘beta particles are readily stopped by = 
molecules, X-rays and gamma-rays are not. An ionization chamber is pao muc 
less efficient as a detector of X- and gamma-rays. Both alpha and beta partic! les carry 
electric charges, so it is not surprising that their injection renders an ane non- 
conducting gas conducting. The ionization of a gas by X- and ee site 
inefficiently — has here been described because these rays do not directly aya charge 
into the gas. They merely supply the energy needed to separate electrons from some 
of the molecules. 
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be responsible for the liberation of electrons. For clean, pure metal 
electrodes, photoelectric emission occurs only if the incident radiation 
is in the ultra-violet region. Composite electrodes, particularly those 
comprising monatomic layers of one metal on another, can provide 
photoelectric emission when illuminated by radiation in the visible part 
of the spectrum. In either event, photo-emission is of consequence only 
when it occurs at the cathode — an anode will immediately recapture its 
own electrons. 

These factors are of importance in the operation of cold cathode 
tubes, since ions must be present in the gas before any discharge can 
occur. Usually there is sufficient ambient illumination to produce 
emission from a photosensitive cathode. From the few electrons so 
produced, a much larger discharge can result, as will shortly be described. 
When a tube is operated in darkness, however (as may happen inside 
an instrument case), the discharge may be delayed by seconds, or even 
minutes, until the gas is ionized by natural radiation such as a cosmic 
ray. If it is important to avoid such delays a small quantity of radioactive 
isotope is sometimes included in the envelope to ensure that ions are 
continually being produced from which a discharge can develop. Only 
low-energy isotopes are normally employed, and the emission is thus 
incapable of penetrating the envelope. With solid isotopes broken tubes 
might consitute a health hazard. For this reason tritium is a commonly 
used alternative. 

Apart from deliberate illumination of the tube, there is one other 
well-established way of providing a continual supply of ions in the gas. 
This involves maintaining a small continuous discharge between the 
cathode and an auxiliary anode. The electrostatic field between these 
electrodes normally confines the ionization to their immediate vicinity. 
Other electrodes, such as the trigger electrode of a trigger tube, can be 
used to cause it to spread so that a discharge may be established between 
the cathode and other electrodes. 


The Townsend Discharge 
In the conditions considered so far the current through the gas is deter- 
mined by the rate of injection of charge into the gas, either by alpha or 
beta particles or by ionization due to photons. This is known as the 
Townsend discharge. It is not self-maintained, and hence if the supply 
of ions ceases, the discharge stops, even though the inter-electrode 
voltage is maintained. 

It was observed above that there is a range (from A to B in Fig. 2.1) 
over which the current is substantially independent of the inter-electrode 
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voltage. If this saturation current represents the rate of injection of ions 
into the gas the increase of current beyond the point B must indicate 
the generation of further ions by the discharge itself. This occurs by two 
processes — gas multiplication and secondary emission. Each requires 
an inter-electrode voltage exceeding a value which depends on the 
pressure and nature of the gas filling. Secondary emission also depends 
on the material used for the cathode and the cleanliness of its surface. 

An electron liberated in the gas is accelerated towards the anode by 
the positive potential thereon. The acceleration of the electron is pro- 
portional to the gradient of the electrostatic field acting on it, and 
accordingly the velocity of a freely moving electron may be expressed 
in terms of the potential through which it has been accelerated. In 
moving through a gas, however, an electron collides with gas molecules. 
So long as its momentum is below a certain level an electron bounces 
off a molecule like a dried pea bouncing off an egg: there is a change of 
direction, but very little loss of momentum. Thus, despite repeated 
collisions, electrons moving through a gas progressively acquire 
momentum on their way to the anode. 

After an electron has been accelerated in this way through a potential 
known as the ionizing potential of the gas concerned it has acquired 
sufficient momentum to knock an electron from the outer electron shell 
of a molecule. It is then as if the dried pea hit the egg with sufficient 
energy to crack the shell. Momentum is lost in the collision because 
energy has been absorbed in changing the state of the shell. Thus 
immediately after the collision neither the original electron nor the 
newly ejected electron possesses enough momentum to produce further 
ionization. They are, however, accelerated by the electrostatic field so 
that, after again moving through the ionizing potential, they are each 
capable of ionizing another molecule. 

If the inter-electrode voltage is sufficiently high this process may be re- 
peated several times before the electrons reach the anode. Ionization of 
gas molecules by colliding electrons is known as gas multiplication. 
In the gas-filled photocell it is used to increase by a factor of about 
10 the number of electrons reaching the anode. 


Secondary Emission 

When an electron is knocked out of a gas molecule, either by a high- 
energy photon or by a colliding electron, the atom which has lost an 
electron carries'an excess of positive charge, i.e. it is a positive ion. 
Such an ion is then accelerated towards the cathode by the electrostatic 
field between the electrodes. As it carries an equal (but opposite) charge, 
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an ion is subject to the same accelerating force as an electron, though 
the force acts in the opposite direction. The mean free path of an ion is 
much shorter than that of an electron, however. Moreover, because an 
ion has much the same mass as a gas molecule, it loses much of its 
momentum on each collision. Before it reaches the cathode, therefore, 
an ion seldom acquires sufficient momentum to ionize any of the mole- 
cules with which it collides. Some of the ions striking the cathode will, 
however, knock electrons out of the cathode surface. This process of 
secondary emission by positive ion bombardment is very inefficient: 
perhaps 1°% of the incident ions will liberate an electron. Nevertheless, 
it is believed to be the mechanism which enables a discharge to become 
self-maintaining. 

From what has gone before, the general behaviour of the Townsend 
discharge should now become clear. No discharge can occur until elec- 
trons are liberated in the gas. With a moderate electrode potential all 
these electrons are collected at the anode. Over a certain range the 
current is then substantially independent of the applied voltage. As the 
voltage is raised, however, the current begins to rise — slowly at first, 
then with increasing rapidity. This is due to a combination of two 
effects: the ionization of gas molecules by colliding electrons and the 
ejection of further electrons from the cathode by the positive ions 
bombarding it. 


Breakdown 

As the voltage is increased, a point is eventually reached at which, for 
each electron leaving the cathode enough electrons (and hence ions) are 
liberated by collisions to result, on average, in the ejection of one more 
electron from the cathode by positive ion bombardment. This process 
will be recognized as one of positive feedback, and it exhibits the usual 
property of ‘run-away’ once the loop gain becomes unity. 

When ion bombardment of the cathode is just able to provide enough 
electrons to make the discharge self-maintaining therefore, the current 
increases almost instantaneously by several orders of magnitude. This 
process is known as breakdown. Breakdown may occur at a current as 
small as 10-12 A. Immediately after breakdown the current at the same 
voltage may have increased to 10-* A. The discharge now assumes a 
negative-resistance characteristic, and to control the voltage and current 
it is thus necessary to include a large series resistance in the circuit. 
This implies that beyond breakdown the discharge is current-controlled. 
Accordingly, its characteristic is best presented with current shown as 
the independent variable, as in Fig. 2.2. Presented in this way, the 
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characteristic clearly shows that the discharge may be controlled by 
voltage only as far as the point C at which breakdown occurs. 
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Fig. 2.2. Typical voltage-current characteristic of gas discharge. 


Corona Discharge 

If one electrode takes the form of a point or thin wire the high potential 
gradient surrounding this small electrode accounts for the greater part 
of the inter-electrode voltage. Gas multiplication in this region is then 
sufficiently effective to render the discharge self-maintaining. The 
positive-resistance characteristic of the greater part of the gap can still 
swamp the negative-resistance characteristic of the part surrounding 
the smaller electrode. Thus the discharge as a whole may still have 
positive-resistance characteristics, i.e. the part CD of the curve in 
Fig. 2.2 may still show a small positive slope. One class of tube — the 
corona stabilizer tube — has been developed to use this characteristic of 
the corona discharge for the stabilization of relatively high voltages 
(1 kV) at low currents (100 4A to 1 mA). 


Effect of Space Charge 

Until the point of breakdown is reached the current density in a dis- 

charge between moderately large, smooth electrodes is so low that there 

is negligible space charge. As shown by Curve | in Fig. 2.3, the potential 

gradient between electrodes is thus almost uniform, and in general this 

is less than the gradient giving maximum ionization efficiency. 
Electrons and positive ions are liberated in a discharge at equal rates. 


14 - Cold Cathode Tube Circuit Design 


They are also removed at the same rate, once a stable condition has 
been attained. But on an average an electron reaches the anode in much 
less time than the positive ions take to reach the cathode. Consequently 
there is an excess of positive ions in the discharge. When breakdown 
occurs, the discharge current increases abruptly, and this space charge 
then becomes large enough to distort 
the electrostatic field appreciably. The 


w gradient them becomes steeper near the 
Su cathode and less steep near the anode, 
a as shown in Curve 2 of Fig. 2.3. It will 
23 be seen that, although the anode voltage 
5e remains the same, nearly all this voltage 
5 appears across less than half the elec- 


trode gap. At the distance from the 
» DISTANCE ROM 4 cathode corresponding to the knee in 
Curve 2 there is a virtual anode. The 
Fig. 2.3. Effect of space charge potential gradient therefore increases 
on potential distribution between (e+ almost all the inter-electrode volt- 
Perce age (though over part only of the inter- 
electrode distance). This increased potential gradient allows electrons 
to acquire more energy between collisions with molecules. In this way 
more efficient ionization is obtained to sustain the increased current 
following breakdown. 

If the external circuit resistance is now reduced so that the current 
increases, a further distortion of the potential distribution results. The 
virtual anode moves farther towards the cathode, as in Curve 3 of Fig. 
2.3. A further increase in potential gradient ensues, leading to an 
jonization efficiency which has increased proportionately more than the 
current. As the current increases, the inter-electrode voltage therefore 
falls from V1 to Vg: the discharge exhibits a negative resistance and is 
the transition stage indicated by DE in Fig. 2.2. 

Further increase in discharge current still further reduces the inter- 
electrode voltage until a condition is reached (Curve 4 in Fig. 2.3) at 
which the potential gradient near the cathode is giving maximum 
ionization efficiency. At higher potential gradients both the number of 
collisions per centimetre and the probability of producing ionization on 
collision decrease as the potential gradient increases. 


Normal Glow 
A little consideration will show that the discharge will inherently seek 
the most efficient mode of operation. Any move towards inefficiency 
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will be deterred by that inefficiency; any process tending to increase the 
discharge current at a given voltage tends to be cumulative. As a conse- 
quence, the discharge naturally assumes a small cross-section so that 
the current density shall be that affording optimum ionization efficiency. 

This is manifested in the nature of the glow which appears at the 
cathode. While the discharge remains in the transition stage indicated 
by DE in Fig. 2.2 this glow remains small. Once the condition has been 
reached providing maximum ionization efficiency, however, the cathode 
glow becomes progressively larger with increasing current. This is 
because the. cross-sectional area of the current can thereby remain 
constant at the value corresponding to maximum ionization efficiency. 
A constant potential gradient implies a constant discharge voltage and, 
in fact, the inter-electrode potential rises only a few volts in the normal 
glow region (E to F in Fig, 2.2). 

When the discharge current has increased so that the cathode glow 
occupies the whole of the cathode area any further increase in current 
necessarily increases the current density. This means the discharge can 
no longer operate under conditions favouring maximum ionization 
efficiency. Consequently, both potential gradient and inter-electrode 
potential rise as the current increases. The discharge then enters a region 
of abnormal glow (F to G in Fig. 2.2). 


Light Output 

The passage of a current through a gas causes electrons in some of the 
atoms to be pushed temporarily into new orbits. These new orbits 
represent higher energy levels. Consequently, as the electrons return to 
their normal orbits (ground states) energy is released, and this is 
apparent as light. The return from a higher energy level to the ground 
State may occur in several stages. Each transition from one energy 
level to another represents the release of a characteristic quantum of 
energy, and hence of light of a characteristic wavelength. As a result, 
the spectrum of a gas discharge reveals a number — sometimes a“large 
number - of characteristic lines, the spacings and intensities of which are 
not uniform. The relative intensities of these lines are determined by the 
relative frequencies with which electrons make the transitions generat- 
ing light of these particular wavelengths. 

Although each gas has its own characteristic emission spectrum, a 
particular part of a discharge often emits light comprising only a pro- 
portion of the characteristic wavelengths. This is because, at a given dis- 
tance from the cathode, electrons may not have acquired sufficient energy 
to excite the higher energy levels of atoms with which they collide. 
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Electrons leave the cathode surface with such a low velocity that a 
significant proportion recombine with ions. Just as energy is required 
to eject an electron from an atom, so recombination releases energy. 
Consequently, those electrons which recombine enter high energy-level 
orbits of the foster-parent ion. As they descend to lower energy levels, 
light is emitted. It is redder in colour than that from other parts of the 
discharge because the transitions between the higher energy levels of an 
atom are smaller — and therefore give rise to the emission of light of 
longer wavelengths — than the transitions between lower energy levels. 

In other parts of the discharge electrons excite mainly only the lower 
energy levels. Before it can be accelerated sufficiently to excite a high 
energy level an electron usually suffers an inelastic collision with an 
atom, i.e. one in which it either ejects an electron or raises an electron 
above the ground state. In such a collision the colliding electron loses 
energy, and so must be accelerated once more before it can excite further 
atoms. 

This process may occur repeatedly as an electron makes its way from 
cathode to anode. Under suitable conditions this is apparent as a series 
of striations in the glow of the discharge. The first of these, the negative 
glow, is close to the cathode — perhaps only 1 mm away. Beyond this is a 
relatively long dark space, the Faraday dark space, and then comes the 
positive column extending to the anode. Although the positive column 
is often strongly luminous and striated, in some tubes it may be only 
faintly luminous. In others the electrode configuration may cause it to be 
diffuse so that no striations are visible. 


Are Discharge 

If the current in an abnormal glow discharge is progressively increased 
a point is reached at which the discharge becomes a self-sustained arc. 
This is characterized by an abrupt fall in inter-electrode potential to a 
few tens of volts and an increase in current to a density of 100- 
1,000 A/cm? at the cathode. The discharge no longer occupies the whole 
cathode surface, but concentrates on to a small part, the area of which 
is proportional to the current. 

No exact theoretical treatment has yet been produced to explain all 
the features of the arc discharge. It does, however, appear reasonably 
certain that the high current density at the cathode can arise in at least 
two ways. If the cathode is of a refractory material, such as carbon, 
tungsten, or zirconium, thermionic emission from the cathode can yield 
current densities of the order of 100 A/cm?. It is the bombardment of 
the cathode by positive ions which maintains the active area at a high 
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temperature. Accordingly, such an arc stabilizes itself on to a single 
part of the cathode. 

In low temperature arcs this is not the case. With a cathode of mercury 
or copper, for example, the discharge wanders ceaselessly over the 
cathode area. Such materials boil at temperatures below those at which 
thermionic emission could maintain the discharge. Here it seems the 
electrons are drawn from the surface of the cathode by the electric field. 
A sufficiently high electric field demands a current density of the order 
of 1,000 A/cm2, and this is in fact observed. 


Sputtering 

It has been seen above that the effect of space charge leads to an 
increase in potential gradient at the cathode as the discharge current is 
increased. This gradient remains substantially constant while the dis- 
charge is in the normal glow region, but increases again as the abnormal 
glow is entered. 

When the potential gradient is high, positive ions accelerated towards 
the cathode strike it with energy sufficient to drive off atoms of the 
cathode material. This sputtered metal is deposited on nearby surfaces 
and may cause trouble by contaminating adjacent electrodes or insula- 
tors. 

Sputtering becomes more pronounced as the potential gradient is 
increased. It therefore tends to be serious if a heavy discharge current is 
passed. In practice, it is often necessary to guard against accidental 
reversal of electrode potential. An electrode unintentionally used as a 
cathode may require very heavy bombardment by positive ions in 
order to yield the secondary electrons needed to maintain a discharge. 
Such heavy bombardment will almost certainly lead to sputtering. 

Gas molecules can be trapped on the surfaces on to which the 
sputtered material is deposited. In consequence, heavy sputtering pro- 
duces a reduction in pressure of the gas-filling, an effect known as ‘gas 
clean-up’. In early neon tubes gas clean-up was a serious problem. In 
modern trigger tubes using pure molybdenum cathodes, on the other 
hand, initial processing includes the deliberate production of heavy 
sputtering, as a result of which traces of contaminating gases are 
‘cleaned-up’. 
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CHAPTER THREE 
Diodes, Stabilizers, and Reference Tubes 


Neon-filled cold cathode diodes are widely used as indicator and pilot 
lamps. Compared with tungsten filament lamps they have the following 
advantages: 


(1) Current consumption may be a mere fraction of a milliampere. 
Neon lamps are thus suitable for indicating the state of h.t. supplies. 
They may also be controlled by small valves. 

(2) The visible appearance does not depend critically on operating 
current. A change in current has no effect on the colour or brightness 
of the discharge: it affects only the area of the glow (and hence the 
total light output). 

(3) The simplicity of the electrode structure lends itself to the 
production of a lamp more robust than a tungsten-filament lamp. 

(4) Life can be very long, from 5,000 to over 50,000 hours and 
not shortened by repeated switching. 

(5) Failure is usually a gradual process and is attended by a pro- 
gressive blackening of the envelope. Replacement can thus be effected 
before complete failure occurs. 


On the other hand, the following factors must be borne in mind: 


(1) The brightness of the neon lamp is often relatively low. 

(2) Reliable operation requires a supply in excess of 80 V. 

(3) As the emission is almost completely confined to the yellow, 
orange, and red parts of the spectrum, a neon lamp can provide dis- 
plays of these colours only; even if colour filters are used. Diodes 
filled with other gases can, of course, provide light of other colours. 
Indicators of this type are available from the Swiss company, Cerberus. 

(4) After being switched off for some time the lamp may not strike 
immediately if it is in complete darkness. The delay varies from a 
few seconds to a few minutes. 


Operation 

The negative glow is the principal source of light from a neon lamp. 

When it is operated on d.c., therefore, only the negative electrode of 
18 
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such a lamp will appear luminous. On an a.c. supply each electrode in 
turn serves as cathode on alternate half-cycles, and both electrodes 
accordingly appear luminous. 

Indicators for operation on either a.c. or d.c. commonly have wire 
electrodes. Sometimes these comprise two parallel wires, sometimes they 
take the form of a rod and concentric ring. In either case the anode does 
not seriously obscure the cathode glow when the lamp operates on d.c. 
Lamps intended for a.c. operation may have a rod-and-cylinder con- 
struction. Although the cylinder may obscure the glow when the 
cathode is negative, the glow is clearly visible around the cylinder on 
the opposite half-cycle. 

A current-limiting resistor must always be included in series with a 
neon indicator operating on d.c. This is because once a discharge is 
established, a neon lamp has a negative resistance characteristic (p. 12). 
With a.c. supplies a series choke or capacitor may be used, but a 
resistor remains the most usual choice. 

Neons fitted with the domestic type of bayonet cap (B.C.) are com- 


Rs 
Fig. 3.1. Indicator | 
diode and ballast 
resistance. Ve a 


monly provided with an appropriate series resistor inside the cap. 
Neons with other types of cap are seldom so provided. 
After striking, the current, /x, of the lamp shown in Fig. 3.1 is given 
by: 
_ Va— Vu 
Ik = Rs : G.1) 


where Vs = voltage of supply (d.c.). 
Vm = maintaining voltage * of neon tube. 
Rs = resistance in series with lamp. 


From Equation (3.1) it will be seen that if the supply voltage does not 
greatly exceed the maintaining voltage a given change in the supply 
voltage produces a relatively large change in the tube current. On a 
d.c. supply this is seldom a problem, since, to ensure striking, the supply 
voltage should be at least 14 times the maintaining voltage. 


* This is the inter-electrode voltage in the condition of normal glow (p. 14). It 
is also sometimes referred to as the ‘burning voltage’ or ‘stabilizing voltage’. 
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With a.c. supplies it is necessary only that the peak voltage should 
reach this value. The average value of the tube current will then vary 
acutely with variations in supply voltage. This is evident from the curves 
marked J; and J in Fig. 3.2 (5). 

It is seldom necessary to calculate the average current in a neon tube 


: Fig. 3.2. Waveforms of diode 

gioreey operating on a.c. supply. (@) 
Supply voltage (Ez) and lamp 
voltage (Vm), and (6) cor- 
responding current waveform, 


=f 
VOLTAGE 
(a) 


wk Tk showing rapid increase from 


~ 


Ix to Tx’ with increase in Ep. 


(b) a 
on a.c. supply. When the figure serves any useful purpose a tedious cal- 
culation can be avoided by using Fig. 5.7 according to the procedure 
given in Chapter Eight with reference to character display tubes. More 
often the manufacturer’s recommendations should be followed ex- 
plicitly, since they are based on extensive practical tests. 


Voltage Stabilizers 

A gas discharge operating in either the corona or the normal glow mode 
provides an inter-electrode voltage almost independent of operating 
current. Voltage stabilizers (or regulators) are designed to exploit this 
characteristic so that a substantially constant voltage may be applied 
to a load, Rr in Fig. 3.3 (a), despite fluctuations in the supply voltage, 


(b} 


Fig. 3.3. Shunt stabilizer circuit (a) drawn conventionally, and (5) emphasizing 
problem of striking. 
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Vz. -Alternatively, or additionally, the load Ry may vary, and the 
applied voltage will remain almost constant. 


Corona Stabilizers 

The construction and properties of tubes operating in the corona dis- 
charge mode have been described in some detail by Cohen and Jenkins 
[1, 2]. Such tubes comprise a cylindrical cathode with close-fitting glass 
or ceramic plugs at either end supporting a central wire anode. The 
whole assembly is enclosed in a glass envelope filled with spectro- 
scopically pure hydrogen at a pressure not exceeding atmospheric. 
With given electrode dimensions the operating voltage of the tube 
is approximately proportional to the pressure of gas-filling. To 
avoid the need for pressure above atmospheric, however, high-voltage 
tubes are commonly made with larger cathode diameters. For each 
cathode diameter the anode wire diameter is so chosen that no close 
tolerance is required. Cohen and Jenkins describe a range of tubes 
covering the range 350 V to 7 kV with three electrode sizes: anode 
‘diameter 1 mm, cathode diameter 7 mm for 350 V to 2 kV; anode 
1:2 mm, cathode 8 mm for 2 to 4:5 kV and anode 3 mm, cathode 13:2 mm 
for the range 4°5 to 7 kV. 

Although it is not practicable to operate two or more corona stabi- 
lizers in parallel, the current rating of a tube may be increased by con- 
structing it with an increased length of both anode and cathode. This 
makes a proportional reduction in the incremental resistance, Ry 
(= dVu/dd). 

The current range of a corona stabilizer is limited at the upper end 
by the danger of breakdown on to the glow discharge mode. In a high- 
voltage tube this is apparent as a pronounced fall in Vi. In low-voltage 
tubes the transition is much less obvious and, in fact, relaxation oscilla- 
tions usually occur between the corona and _ glow states. These may be 
recognized with the aid of an oscilloscope which will reveal a saw-tooth 
voltage waveform appearing across the tube. Transition from corona to 
glow discharge occurs at a lower current when the electrodes are heated 
by extended operation at high current. The manufacturer’s recommen- 
dations regarding maximum current should therefore be observed. 
Continued operation at high currents also increases the rate of gas 
‘clean-up’ which reduces the gas pressure and hence Vm. As a result, 
the tube passes more rapidly out of tolerance. With moderate currents, 
the tube life is good. Cohen and Jenkins quote test data for 2-kV tubes 
suggesting a change in Vm of 24% over 10,000 hours operation at 
300 vA. 
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The minimum tube current is usually of the order of a few micro- 
amperes. Below this current the discharge ceases to be self-maintaining. 
It extinguishes repeatedly, restriking each time the electrode potential 
and primary ionization rise sufficiently to initiate a further discharge 
‘avalanche’. 

- A corona stabilizer normally shows an incremental resistance, Rr, in 
the order of 100 kQ. For a given tube, this varies with current and with 
method of measurement. Ry is greatest for rapid fluctuations of voltage 
or current, e.g. 50 c/s or more, which are too rapid to be followed by 
thermal effects in the tube. If a step-function is applied in a sense to 
increase tube current, however, the initial rise in Vm is decreased within 
a fraction of a second due to local temperature increase (and hence 
reduction in density) of the gas in the discharge. If Rr is calculated from 
readings taken about one second after an abrupt change, therefore, a 
lower value of Rx will result. From measurements made over a still 
longer period a still lower value of R1 is obtained, due to a further reduc- 
tion in gas density in the discharge as the heated gas escapes to the 
space between cathode cylinder and outer envelope. This last value of 
Rr can even assume a negative value. 

In general, Ry decreases with increase of tube current. 


Glow-discharge Tubes 

Voltage stabilizers operating in the mode of normal glow commonly 
provide anode-cathode maintaining voltages, Vm, in the range ‘60- 
180 V. Such tubes have cylindrical or planar cathodes and relatively small 
anodes in the form of wire rods. The value of Vm depends on the 
electrode’ geometry and the nature and pressure of the gas filling. 
Neon, argon, and neon-argon mixtures are all used as fillings in 
commercially available tubes. The cathode surface also plays an 
important part, an activated cathode providing a lower value of main- 
taining potential than one of pure metal. 

The working range of current is limited at the lower end by instability 
of the discharge and at the other by the onset of increased sputtering 
as the discharge enters the region of abnormal glow. Within these limits 
a typical tube shows an incremental resistance, Rr (= dVm/dt of a few 
hundred ohms. Voltage stabilizer tubes (as opposed to voltage reference 
tubes) are usually designed for operation over relatively large current 
ranges and to provide low values of Rr. 

Stabilizers may be connected in series to provide veniae: not 
obtainable from single tubes. In the G.E.C. ‘Stabilovolt’ tubes, several 
cup-shaped electrodes are mounted concentrically in a common enve- 
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‘ lope. The tube operates with a discharge between each adjacent pair of 


electrodes. The overall maintaining voltage of 280 V, which is obtained 
between the central anode and outer cathode, is thus the sum of four 
70-V discharges in series. As five external connexions are available, 
stabilized outputs may be taken also from the intermediate 70-V, 
140-V, and 210-V electrodes. 

Benson [3], who has studied glow-discharge tubes over many years, 
has produced a valuable survey paper including a list of 272 references. 


Striking 

With a corona discharge tube, a self-maintaining discharge will develop 
with an applied voltage only a few per cent in excess of the anode- 
cathode maintaining voltage, Vm, of the corona mode. For a tube to 
operate in the normal glow mode, however, a voltage must be applied 
sufficient to take the discharge through the corona region and to the 
point of breakdown. The current then increases abruptly and the tube 
‘strikes’. 

With a simple glow-discharge diode up to 14 times the maintaining 
voltage must be applied to produce striking. In the dark a still higher 
voltage may be required unless a radioactive substance is included in 
the tube. A trace of tritium is sometimes included in the gas filling for 
this purpose. 

Circuit arrangements which are satisfactory in other respects. often 
fail to provide striking of the tube on load. This is due to the load and 
series resistor forming a potentiometer reducing the available voltage 
below that needed for striking. When Fig. 3.3 (a) is redrawn as Fig. 
3.3 (6), the effect is obvious. 

Striking will occur if Vg is at least (Rs + Rx)/Rx times the striking 
voltage, Vig. Hence, 


Va/Vic > 1 + (Rs/Ri) (3.2) 


Relation (3.2) must be satisfied for the lowest value of Ry for which 
striking is required. 
For a given value of Rx, the minimum value of Rs is given by, 


Rstmin). R 
Vic(max) — Viat(miny = [7x«maxy — (t¢max) — Ftumin))]. —_—S ee 
Rs¢miny + Rrucmin) 
whence 
Rumin) és Fg(max)Ruuniny — [t¢maxy —~ Et(min)]Rutmin) 1 
Rsimin) Vie max). — Va(min) 


24 + Cold Cathode Tube Circuit Design 
Substituting in Relation (3.2), and putting 


Vurtmin) 


Ruin) = Tee 
max 


Va(min) Fx¢max) + It(miny ~ Jax) 

ee ee 

Vieqmax)  Tx(maxy + Jnuminy — @ . Tucmax) 
where g = Vic(max)/Vmcmin). 


(3.3) 


The value of g is typically 1:2-1°3, but it exceeds 1:5 with some tubes. 


Rs 


(a) (b) (c) 


Fig. 3.4. Series-connected stabilizers (2) without, (6) and (c) with, resistances 
assisting striking. 


When several similar diodes are connected in series, as in Fig. 3.4 (a), 
qVm must be applied to each tube simultaneously to ensure striking. 
When n diodes are used, therefore, the voltage across the load must 
momentarily rise to gnVmu. This is not always either convenient or desir- 
able. By connecting relatively high resistances R’, R’” (usually $-1 MQ) 
from each diode junction to either stabilized rail, as in Figs. 3.4 (6) and 
(c), the necessary excess voltage is usefully reduced without materially 
affecting performance subsequent to striking. Initially R’ shunts V2 
and V3 so that V1 strikes. R’’ now shunts Vg so that V2 strikes also. 
With Vy and V2 already struck, V3 will strike when the output voltage 
has risen to only (n — 1 + q)Vm instead of the qnVm required by the 
arrangement in Fig. 3.4 (a). 

Voltage stabilizers are available containing a third electrode used as 
a priming anode. Such tubes make it easier to ensure reliable striking 
because the full supply voltage — or an alternative (even higher) supply 
— may be applied to the priming anode through a current-limiting re- 
sistor, Rp (commonly 0-1-0-3 MQ), in Fig. 3.5. The resulting discharge 
between priming anode and cathode ensures that the main anode-to- 
cathode discharge will strike at a voltage only about 10% above the 
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maintaining voltage, Vy. Even when reliable striking is not in itself a 
problem, such tubes can be useful because they lead to only a small 
excess of output voltage before striking occurs. 


Fig. 3.5. Primed stabilizing diode. 


Operating Current and Voltage Range 
In general, a load, (Rx), is connected in parallel with a stabilizer, as in 
Fig. 3.3. It can then be seen on inspection that the current, Ix, drawn 
by the tube is given by: 
- Vp— Vu Vu 
Kk = Re Ri. (3.1a) 

It will be noted that Equation (3.1a) is the more general form of 
Equation (1), to which it reduces when Rr > Rs. 

Writing Ii for Vm/Ri, Equation (3.1a) provides: 


Vea — Vu 
Rs 


This means that, for constant values of Vp, Vm, and Rs, the tube 
current varies in a complementary manner to the load current. The 
working current range of a stabilizer must therefore exceed the antici- 
pated load current variations. 

Full design of a stabilizing stage requires consideration of the effects 
of tolerances in Vg, Vm, and Rs. The ‘worst x worst’ case must be 
considered. Thus: 


k+h= (3.4) 


Va(max) — Vacmin) 


Txunax min) > i 
K(max) + J1(min) Ria (3.4a) 
and 
Txcminy + Itimax) < Vetminy ~ Vtcmax) (3.4b) 
Rs(max) 
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The manufacturer’s information on a given tube type provides 
limiting values of Ix and Vy. Usually the range of Jt is known also 
and the percentage swing in Vg and the percentage tolerance of Rs. 
Thus Relations (3.4a) and (3.4b) yield simultaneous equations from 
which minimum nominal values of Vg and Rs may be determined. 

If ¢, is the fractional positive tolerance on the nominal value of Rs 


to - Ff negative *% - 5 Rs 

ry = Pa positive re 3 is Vg 
re PA ~ negative 4 Pe 8 Vs 
Sy a 5 positive 3 Fe Pe Vu 
S2 oe 8 negative ‘5 i > Vu 


then Relations (3.4a) and (3.4b) may be used to show that 


{1 + 51) (1 — 2) [xomaxy ++ Irominy] — 
(1 — sa) (1 + ti) Uminy + Ln(max)]} Vn 


ad (1 — ra) (1 — te) Wixemaxy + Jiminy] — oy 
(1 t+ ra) (1 + ty) [Exonin + Ftcmaxy] 
and 
Ra [a +r) +51) — (i — re) A — 52) Vu (3.6) 


(1 — ra) (1 — te) Uicomaxy + Lttminy] — 
(+r) + ty) Wxcniny + Lt¢max)] 
By putting t1 = te = t, Relation (3.5) may be re-written to express 
the resistor tolerance, ¢, in terms of the other parameters. 


; M 
Thus Va y(t Va a (3.7) 
7 3 
where r=f=fre 
S= Si = $2 
[fxcmax) + Ix(min)] + [fn¢max) + Ze¢miny] 
d ea Lomas) Rn mee) oe etme) 
= ‘i [/ximax) — Jkoniny] — [tomax) — Leuminy] 


For any value of Vg chosen in accordance with Relation (3.3), it is 
thus possible to calculate the corresponding value of ¢. If the value 
of ¢ given by Relation (3.7) is negative the value of Vg must be increased 
until a satisfactory positive value is obtained. 


Design Procedure for Diode Shunt Stabilizers 

(Applicable also to Character Display Tube on D.C. Supply) 
Reduced to a set of rules, the design procedure for a ‘worst x worst’ 
case is not so onerous as the foregoing might suggest. The procedure is 
as follows. 
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(a) Set out the following data: 


Nominal tube maintaining voltage, Vix 
Maximum tube ignition voltage, Vig 
(For a corona stabilizer, put (Vig = Vm)) 
Minimum and maximum tube currents, rx qmin) and Jx (max) 
Minimum and maximum load currents, Ziqminy and Jt(max 
Fractional tolerances, +r1, —re, on the supply voltage, Vz 
Fractional tolerances, +51, —se, on the maintaining voltage, 
Vu 
(5) Evaluate 


q = Viel — s2)Vu 
a [Excmax) + Ix¢miny] + [Ztomaxy) + Jt(min)] 


d — ER (mex) Rn) Pima) min) | 
a [Zx(max) — Jix(miny] — [fnimax) — Jn(miay] 


(c) Substitute values in Relation (3.3a) to determine the minimum 
value of Vg ensuring full-load striking: 


Vie Ix(max) -+ It¢min) — Inmax) 


Va > Te A 
2 (1 — re) Zx¢maxy) + Lwin) — Gg . Evumax) 


(3.3a) 


(d) Select a convenient value of Vg in accordance with (c) above. 
(e) Substitute in Relation (3.7) to determine the greatest permissible 
resistor tolerance, f. 


(If r1 # re, a mean value may be taken for r if the two values 
are not greatly different. Alternatively, a factor of safety may 
be added by adopting the larger value.) 


(3.7) 


(f) If the value of ¢ so obtained is negative or inconveniently small, 
repeat operations (d) and (e) above for a higher value of Vz. 

(g) When a satisfactory (positive) value of ¢ is obtained, calculate 
from Equation (3.4c) the corresponding nominal value of Rs. 


2 (1 +257) ve va} 
ae 2 
~~ Ex¢maxy + Zx(miny + Zn¢maxy) + [nmin] (3.4c) 


(A) Select a standard resistance value of tolerance closer than ¢ such 
that the extreme values will lie within the limits Rs. (1 + f). 
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Note: If, for a given tolerance less than ¢, there is no standard value 
which complies with this requirement operations (d) to (4) may be 
repeated for a higher value of Vg. This provides only a gradual increase 
in the value of t, however. An increase in Vg increases the nominal 
value of Rs, but a convenient value of Rg may correspond to an arbi- 
trary value of Vg. Usually it is simplest to reduce the resistor tolerance. 


EXAMPLE 3.1 Glow-discharge Shunt Stabilizer 

A CV286 is to be used to stabilize a load of 2-6 mA at nominal 95 V. 
Calculate suitable values of supply voltage (Vz) and series resistor (Rs) 
and the tolerance on Rs to meet supply variations of +6°%, —10%. 
Reliable striking required at full load current. 


Following the design procedure, 


(a) Set out the following data: 


Vu = 95 V, Vig = 110 V 
Ikiminy = 2mMA Tx(max) = 10 mA 
Euwminy = 2 mA It(maxy) = 6mMA 


Fractional tolerances on Vs, ri (positive tolerance) = 0-06 
rz (negative tolerance) = 0-10 
” ” »” Vu s1 = 82 = 0:05 


(6) Evaluate 


qa = Vie/(1 — s2)Vae = 110/095 x 95 = 1:22 
_ Uktmax) + Jix(miny] + Ynimaxy + Ee(mim] — 10 + 2+6+2* 


= a ara A ie 
[Zx(max) ~— Jx(min)] — [t(maxy — In¢miny]) (10 — 2) — (6 — 2) 
(c) Substitute values in Relation (3.3a): 
Va> Vice : Ig(max) + Fuuniny — Ftumaxy (3.3a) 


(1 — re) Ixqmax) + Jttminy — ¢ . Eeimax) 


110 10+2-6 | 
= 900 * lo p2—-imx6 7V 


Hence, to ensure full-load striking, even with no tolerance on Rs, 
Vz must exceed 157 V. 


(d) Select a convenient value of Vs greater than the value of 157 V given 
by (c) above. Tentatively adopt a value of Vs = 250 V as convenient. 

(e) Substitute in Relation (3.7) to determine the permissible resistor toler- 
ance, f¢. 


* Working in volts, milliamperes, and kilohms. 
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(put r = (ri + re) = 0-08) 


(e~)- (Gets) 
(2-1). s 
(2-1) age 
( 


(3.7) 


95 + 0:05} x 5 


on a nnn == + ()-42 
250 ) re (ee +005) 
95 

(f) The resistor tolerance given by (e¢), although positive and therefore 
practicable, is too close to permit the use of a 5°% resistor for Rs. 
Assuming this to be desired, the value of Vs is now tentatively raised 
to 300 V and operation (e) is repeated to obtain a higher value of t 

Thus, for Vs = 300 V, ¢ < +0-061 


(g) Use Equation (3.4c) to calculate the nominal value of Rs. 


24 (1 +257) yy - va} 
Rs = 


[Exumax) + Jxcminy + Incmaxy) + Zt¢miny] 
= 2f(1 +e) x 300 — 95 


(10 + 2 + 6 + 2) 


(h) Select a standard resistance value of such a tolerance that the extreme 
values will lie within the limits 20-1 kQ + 6-1%. A satisfactory choice 
is 20 kQ + 5%. 


Solution: Vs = 300 V, Rs = 20 kQ + 5%. 


(3.4c) 


= 20-1 kQ 


EXAMPLE 3.2 Corona Shunt Stabilizer 

Design a circuit according to Fig. 3.3 to provide a stabilized output of 
0-200 uA at 1 kV. Allow for supply variations of 4+-10°%%, —15%. Base 
design on the G.E.C. corona stabilizer, Type S.C.1/1000. 


(a) Vu = 1,000 Fx(max) = 0-650 mAs rx = 0-10 
Vic = 1,000 Iximiny = 0°014mA sore = 0-15 
Tivmax) = 0200 mA sos1 = 0-025 
It(miny = 0 so = 0025 
1,000 eer 
(0) 1 = 9975 x 1,000 10 
_. (0°650 + 0:014) + (0-200 + 0-000) _ 1 9g 
~~ (0-650 — 0-014) — (0-200 — 0-000) 
() Ve > 1000 0-650 + 0 — 0-200 — 1190 V 


0°85 ~ 0-650 +0 — 1-025 x 0-200 
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(d) Put Vs = 1,500 V 
(e) Putting r = re, 


Gono 1) = (o15 ee 0-025) x 1-98 


ES i305 = 1500 aOOUe 
(Goon z 1) x 1:98 — (015 Maen 0-025) 
2f(1 +See) x 1500 — 1000} 
(g) Rs = oe oom” = 1-063 KD 


0-650 + 0-014 + 0-200 + 0.000 
(A) Rs must lie within the limits of 1-063 MQ, +-7-8%. 
Hence put Rs = 1:047 MQ, +6%. 
Solution: Vs = 1,500 V, +10%, —15%. 
Rs = 1 MQ, +5°% in series with 47 kQ, -+-20%. 


Stabilization Factor 
The maintaining voltage of a stabilizer tube is not quite independent of 
the tube current, even in the current range (which the manufacturer’s 
recommended current range never exceeds) corresponding to normal 
glow. Over this range, the maintaining voltage increases gradually with 
increasing current. The slope of the corresponding characteristic is 
variously known as the incremental resistance (Ri), or impedance, of 
the tube. This parameter is important because it allows one to calculate 
the stabilization factor, S, of a circuit, i.e. the factor by which the supply 
variations are reduced. 

In the circuit shown in Fig. 3.3 the stabilization factor, S, is given by: 


s. Ri 


R 
S=1+ RRs + Rp + RD (3.8) 
Hence if 
Ri > Rs > Ry, 
SD Rs/Rx (3.8a) 


For stabilizers having maintaining voltages in the range 50-150 V, 
Rx is usually between 100 and 1,000 ©. The series resistor, Rs, usually 
has a value of a few tens of kilohms, and S is thus commonly in the 
range of 20-500. Typically, supply variations amounting to several 
tens of volts may be reduced to several tenths of a volt. 


Impedance 

Variations in load applied across the tube may cause substantial tube 
current variations, and hence variations of a few volts in the tube 
maintaining voltage. Such voltage variations are, however, systematic, 
and the tube may be considered as a voltage source having an internal 
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impedance with resistive and inductive components. These have been 
studied by Benson [3, 4], who concludes [4] ‘the complete equivalent 
circuit is much more complicated than the one usually quoted’. The 
inductive component arises because a change in tube current cannot 
instantaneously produce the changes in ionization and charge distribu- 
tion necessary to keep the maintaining voltage approximately constant. 


mH OHMS 
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800 
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10 100 1000 1oep00 c/s. 
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Fig. 3.6. Impedance/frequency characteristics of CV284. 


Fig. 3.6 shows typical inductance, impedance, and resistance curves 
for a CV284. Although the inductance reaches a maximum at about 
100 c/s, its effect is not significant below about 500 c/s. There is a rela- 
tively small change in the value of the resistive component with fre- 
quency. 

As seen by a load connected in shunt with a voltage stabilizer, the 
resistive component, Rz, of the equivalent source impedance is given by: 


Ri. Rs 
Ra Reo Rs G9) 
Or, when 
Rs > Ry, 
Rz~ Rr (3.9a) 


Thus a change, 3/1, in the load current, J, produces a change, Vm, 
in the maintaining voltage such that 


8VmM = 8i.. Rz~ bh. Ri (3.10) 


EXAMPLE 3.3 Regulation of Shunt Stabilizer 
In the circuit described in Example 3.1 (p. 28) calculate the maximum 
voltage variations across the load (a) due to variations in supply voltage, 
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Vx, and (6) due to variations in load current, /1,. (Incremental resistance, 
Ri, of CV286 is 625 ©.) 


(a) From Equation (3.8) the smallest value of S occurs when Rr is a 
minimum, i.e. J. is a maximum. 


Now, Ree oe 9 _ 15.8 k0 
Tuunax) 6 
from Equation (3.8), 
20 x 15:8 
Stain = 1 + 9695 x 358 1 


(This value is unusually low because the stabilizer is operating under 
extreme conditions.) 


Supply variation, 83Vp = (ri -+ re). Ve 
= 0:16 x 300 = 48 V 
Consequent variation across load =: 8Vn/S 
= 48/15-1 =32V 


(6) Range of load current, df, = 4mA 


.. from Equation (3.10) load variations produce a change, 5Vm, in Vs, 


where: 
8VmM & Sin. Rr 
=4x 0625 =25V 


Fig. 3.6 shows that the impedance of a typical stabilizer rises abruptly 
above about 1 kc/s. This can lead to waveform distortion in pulse 
circuits, even though they may be operating at quite low frequencies. 
Often, however, the output impedance of the stabilizer circuit can be 
kept sufficiently low by connecting a capacitor in parallel with the tube. 
Usually 0-1 uF is sufficient to prevent a significant increase in impedance 
above that at 50 c/s. Relaxation oscillations (p. 38) or excessive peak 
currents on striking may occur if the shunt capacitance exceeds 0-5 uF. 


Voltage Jumps 
In early designs of voltage stabilizer the glow discharge could often be 
seen to jump abruptly from one part of the cathode area to another. 
Such jumps were accompanied by an abrupt change in maintaining 
voltage. Usually they occurred when the tube current changed, but 
sometimes they would apparently arise spontaneously. Designers of 
modern tubes try to minimize such voltage jumps or arrange for them 
to occur outside the working range of tube current. 

A stabilizer tube is usually subject to fairly large current variatiens. 
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These produce variations in tube maintaining voltage of the order of a 
few volts (see Example 3.3). Voltage jumps of less than 1 V are thus not 
very important as a rule. If, however, an attempt is made to achieve 
improved stability by cascading stabilizer tubes as in Fig. 3.7, voltage 
jumps in V2 may become significant compared with residual effects of 
supply variations. 


Voltage Reference Tubes 

Whereas a stabilizer tube provides a low-impedance source for variable 
loads, there are applications requiring the best possible stability for use 
in conjunction with a constant high-impedance load. To meet this need, 
a special type of tube has been developed in which the aims have been 
to minimize voltage jumps over a restricted current range, to improve 
long-term stability (at the price of an increased incremental resistance), 
and to minimize the temperature coefficient. 

Cold cathode diodes of this type are known as voltage reference tubes. 
Typical examples have pure molybdenum electrodes from which a film 
of molybdenum is sputtered on to the inside of the envelope during 
manufacture. This film inhibits out-gassing of the glass and so ensures 
that the gas filling retains its initial high purity. 

A voltage reference tube must be operated at substantially constant 
current if the relatively high incremental resistance is not to prove a 
limitation. It is thus standard practice to operate the reference tube 


mn 
ee 


AA 


A 


Ga maw =, 


Fig. 3.7. Cascaded stabilizers. 


from a supply controlled by a voltage stabilizer tube, as in Fig. 3.7. 
Variations in the supply, Vp, produce changes in Vy of the order of 1°%. 
The dropping resistor, Rp, potentiometer, Rp, and reference tube, V2, 
then reduce the voltage variations further still so that a short-term 
stability of better than 0-1°% is obtained. 
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For design purposes that part of the circuit to the right of Vi in Fig. 
3.7 may be regarded as a constant load, Ri, where: 


Vu 
Var = Ve . Rp (3.1 1) 
Design of a cascade arrangement of stabilizers thus entails determina- 
tion of: 
(i) appropriate values of Vm and Rp to suit Va and Rp; 
(ii) corresponding values of Vp and Rs. 


In each case the ‘worst x worst’ condition should strictly be con- 
sidered. This is too often overlooked, with the result that a value of 
Vm is chosen which is too low to ensure optimum working of V2 without 
selection of tubes or adjustment of Rp. 

Determination of Vm follows the pattern set for the determination 
of Vg in the case of the single stabilizer. There is this difference, how- 
ever: it is usually the designer’s object to keep Vm as low as possible, 
since the stabilizer must itself be supplied from a higher voltage. A low 
value of Vm implies a close tolerance, w, on the dropping resistor, Rp. 
The value of w may be determined by replacing Vp, Va, In, r, 5, and t 
in Relation (3.7) by Vm, Vr, Ip, s, v, and w respectively. Thus: 


(Z- 1) — Ga + r) n 
Pr gp SA SO RE, ae nee (3.12) 


Riu = 


—_ Uxe¢maxy + Tixa(miny] + [Feonax) + Friminy] 
~~ Uixe¢max) — Ixe(miny] — [etmax) — Tecmin)) 
s = fractional tolerance on Vm, 
v = fractional tolerance on Vr, 
w = fractional tolerance on Rp. 


where 


Design Procedure for Cascaded Stabilizers 
(a) Set out the following data: 


Nominal reference tube maintaining voltage, Vr 

Maximum reference tube ignition voltage, Vic2 

Minimum and maximum reference tube currents, Jxe(min) and 
Txocmax), (relating to range within which reference tube is to 
operate) 

Nominal load resistance, Rp, in shunt with reference tube 

Fractional tolerance, +-p, on the load resistance, Rp 
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Fractional tolerances, +r; and —re, on supply voltage, Vp 
Fractional tolerance, --s, on the stabilizer tube voltage, Vq* 
Fractional tolerance, -}-v, on the reference tube voltage, Vp. 


(6) Evaluate 


= Vice 
eT Va 

Pct (1 — v). Ve 

(min) ™ (+p). Re 

Ie - (1 + v). Ve 

oe hp) Re 
see [Txeqmax) + Jxeacminy] + [fetmaxy + Ipcminy] 
[Txe(max) — Jxe(miny}] — [p(max) — Zecminy] 


(c) Substitute values in Relation (3.3b) to determine the minimum 
value of stabilizer maintaining voltage, Vm, required to ensure 
striking of Vo. 


Vaca | _4na(max) + feimin) — Fromm) «3, 5p) 


Vu = : 
= (1 — s)  Ieqmaxy + Ze(miny — ge . Fp(max) 


(d) Tentatively select a stabilizer having a nominal maintaining 
voltage in excess of that given by (c). Set out relevant data. 

(e) Evaluate the limiting tolerance, w, on the dropping resistor, Rp, 
given by Relation (3.12). 


(3.12) 


(f) @ If the value of w so obtained is negative or too small, repeat 
operations (d) and (e) for another tube type (or series com- 
bination of tubes) giving a higher value of Vy. 

(ii) When a satisfactory value of w is given by Relation (3.12), 
evaluate Rp from Equation (3.4d) 

_ 2(Vin — Va) 

~~ [Fxe¢maxy + Jamin) + Ip(max) + Ipcminy] 

(iii) Adopt convenient values for Rp and w such that the extreme 

values of Rp lie within the limits imposed by the calculated 
tolerance. Hereafter work with the convenient (closer) toler- 
ance, w. 


Rp (3.4d) 


* This is not definitely known until the value of Va has been settled. 
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(g) Use Equation (3.4e) to calculate the minimum load current, 
Tyanin), in shunt with V4. 
(1—s). Va —(1 +). Ve 
(1 + w). Ro 
(A) Similarly, use Equation (3.4f) to calculate the maximum load 
current, 7i(max),.in shunt with Vi. 
(dd +s).Vua—-U—v). Ve 
(i — w). Rp 
(j) Substitute in Relation (3.3a) to determine the minimum value of 
Vz ensuring striking of Vi. 


(3.4e) 


Tucminy = 


(3.4f) 


Fu(max) = 


Vier | _Txttmaxy + In¢miny — Te¢maxy (3.3a) 


> 
Yae (li — re) Ixt¢maxy + Ztiminy — gi . Fucmaxy 


(k) Evaluate 


— Uctcmaxy + Jct¢miny] + [tcmaxy + Zt¢miay] 
~~ Umax) — Jx1¢miny)] — [tomax) — Jiminy] 


(1) Tentatively choose a value of Vp in accordance with the value 
obtained in (j) above. 
(m) For the chosen value of Vg, evaluate the maximum corresponding 
tolerance, t, on Rs as given by Relation (3.7). 


(Fe-1)- (Ges). 

Vu Vu 

t< (3.7) 
vey F re ) 
Vu Vu 


(If r1 4 re, a mean value may be taken for r if the two values are 
not greatly different. Alternatively, a factor of safety may be 
added by adopting the larger value.) 
(n) (i) If the value obtained for t is negative, repeat operations (/) and 
(m) for a higher value of V3. 
(ii) When an acceptable (positive) value of ¢ is obtained, calculate 
from Equation (3.4g) the nominal value of Rs. 


24(1 458) . Va — va} 


= 3.4 
[Zx1¢max) + Jici¢miny + Zt¢max) + Lvminy] G.48) 

EXAMPLE 3.4 Cascaded Shunt Stabilizer 

Design a cascade arrangement of stabilizer and reference tube (CV449) 

to operate from an unstabilized supply subject to voltage variations of 
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+6%, —10%. A load of 47 kQ, +1°% is to be connected across the 
Cv449. 

Following the design procedure: 

(a) Set out Ve = 85 V, Viezg = 115 V. 


Permissible operating range of CV449 is 1 — 10 mA, but for good 
performance the current should be close to 6 mA. 


Put: Jxe(max) = 7mMA p=001 s = 0:027* 
Ixe(miny = SMA ri = 0:06 v = 0:024 
Rr = 47k re = 0-10 
(b) Evaluate: 
115 
@ = 0.976 x a5 139 

_ (i — 0-024) x 85 oe 
Tp(min) = (i + 0-010) x 47 =] 75 mA 
Tp(max) = G az oo) xR = 1:87 mA 


(1 — 0-010) x 47 


_ (7 +5) + (1-87 + 1:75) 
~ (7 — 5) — (187 — 1-75) 


(c) Substituting values in Relation (3.3b), 


ss 115 7:00 + 1:75 — 1-87 
~ 0:973 ~ 7:00 + 1°75 — 1:39 x 1-87 


(d) Tentatively select CV2225 as the stabilizer and set out: 


= 8:32 


Vu = 132V 


Vu = 150 V, Vic1 = 180 V, — qi == 180/090 x 150 = 1-34 
Ixi(min) = 5 mA, Iki(maxy = 15mA, 5 = 0-027 


(e) From Relation (3.12), evaluate the limiting tolerance, w, on the dropping 
resistor, Rp. 


150 150 
(Gs! _ 0:27 x Se + 0-024 X 8:32 


150 


7750 = 0-027 
(Bs -_ 1) X 8:32 — (0027 x 35 + 0-024) 


(Note that to restrict Ixe to £16% of 6 mA it is necessary to impose 
on Rp a tolerance of only +2-7%.) 
(150 — 85) 
(6 + 1-81) 
(iii) By calculation, Rp = 8-32 kQ + 2:7°%. To use a standard value, 


put Ro = 8:2 kQ + 1% (w = 0-010) and hereafter work to these 
values. 


(f) (ii) Ro = = $:32kQ 


* This value of s assumes tentatively that a CV2225 will be used as the stabilizer. 
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(0-973 x 150 — 1-024 x 85) 


(g) Eueminy = 1010 x 820 = 713 mA 
(8) nay = OPT ISD — OTS XS) _. 8.74 mA 
Ya 96% TOT TIS Tae BT” EY 


() Tentatively put Vs = 300 V 


at = 1) ie (008 of 0 0-027) x 4:28 
— \150 150 no 
(n) S 7300 300 
(7 —1) x 4:28 — (008 x 755 + 0-027 


of (1 + oe) x 300 — 150 
(15:0 + 5:0 + 8-74 + 7:13) 
To use a standard value, put Rs = 8-2 kQ, +2%. 


Solution: Vi = CV2225, Vs = 300 V, Rs = 82 kQ + 2%, 
Rp = 82kQ + 1%. 


= 8:03 kQ (+4:9%) 


(m) Gi) Rs = 


Relaxation Oscillations 

Under normal circumstances the discharge through a diode can be 
extinguished only by reducing the supply voltage below the maintaining 
voltage. This may be done by interrupting the supply or by shunting 
the tube sufficiently heavily. A discharge may be made self-quenching, 


Woe, aot oe eres 


(a) (b) 


Fig. 3.8. Relaxation oscillator. (a) Practical circuit, and (6) simplified equivalent 
circuit. 
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however, by connecting a substantial capacitance, Cs, in shunt with the 
tube, as in Fig. 3.8 (a). When Vg exceeds the tube ignition voltage, Vi 
strikes and then extinguishes almost immediately. This is to be expected 
if it is remembered that the tube impedance contains a large inductive 
component at low frequencies. The striking of Vi in Fig. 3.8 (a) is 
thus analogous to closure of the switch S in Fig. 3.8 (6). A resonant 
circuit is formed by Lz and Cs. If the damping by Ry and Rs is less than 
critical the step-function (Vig — Vm) produces a voltage oscillation 
about the normal maintaining voltage, Vy. The voltage across the tube 
thus swings below Vy, the current falls to zero, and the discharge ceases. 

This analogy cannot profitably be followed very far because the 
equivalent inductance of the tube is a function of frequency. It can, 
however, be seen that if Rs is made sufficiently low the resonant circuit 
will suffer more than critical damping. In such cases the tube voltage 
does not swing below Vm, and thus the discharge does not quench. 
For the reason stated, a theoretical analysis is impracticable and for a 
given value of Cg the critical value of Rg is best determined by experi- 
ment. As a general rule, it may be taken that self-quenching is likely 
if Rg exceeds 1 MQ and unlikely if Rs is 
less than 100 kQ. Larger values of Cs 
produce self-quenching more readily 
than small ones. 

When the tube current is self-quench- 
ing Cs is left at a potential slightly below 
Vm. Thereafter current flows through Rs 
to recharge Cg exponentially towards 
Vz. When Vig is again reached, however, _ Fig. 3.9. Waveform of relaxation 
V, again strikes and again quenches. oscillations. 
Relaxation oscillations thus occur 
characterized by the saw-toothed voltage waveform depicted in Fig. 3.9. 

If the time taken to discharge Cs from Vig to Vu is neglected as being 
relatively small the periodic time, ¢, of the relaxation oscillation may 
be calculated as the difference between the times 4 and tg required to 
charge Cs to Vm and Vig respectively. 


Thus: 
t=t— te 
= [- CRiog, LE — Me) Hs) ~ [- CR log, “2 Ys) a | 
Vs Vs 
== CR loge pa Joe) (3.13) 


(Vs — Via) 
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In practice, the frequency of oscillation will be lower than the 
calculated value of 1/t because the discharge time may be only one 
order less than the periodic time. Also the capacitor is discharged not 
to Vm, as Equation (3.13) assumes, but to a slightly lower voltage. 

Stabilizers and voltage reference tubes having pure metal cathodes 
can have highly stable maintaining voltages. Their ignition voltages are 
not very stable, however, and breakdown is subject to statistical delays. 
Consequently, at sub-audio frequencies relaxation oscillators of this 
type do not provide good frequency stability. Even tubes containing 
-tritium are not exempt from this criticism. Above about 50 c/s deioniza- 
tion between discharges is usually incomplete, and better frequency 
stability is thus obtained. 

Diodes having oxide-coated cathodes do not suffer from statistical 
delays, and so can perform fairly well at low frequencies. Ambient 
illumination is essential, however, if the breakdown voltage is to be 
reasonably low and stable. To some extent the level of illumination 
influences the breakdown potential, and hence the frequency of the 
oscillator. 

The maximum frequency at which a diode oscillator can operate is 
determined by the deionization time of the tube. This varies from one 
tube to another, but it is seldom possible to exceed an upper frequency 
limit of a few kilocycles per second. 

Neon diode relaxation oscillators have been used in electronic organs, 
as they are cheap and provide output rich in harmonics. Douglas [5] 
has discussed the difficulty of attaining good frequency stability with 
inexpensive diodes. 

A multi-diode ring described by German [6] is a form of relaxation 
oscillator. This circuit appears to be no more than an amusing toy, 
although it has much in common with the ring counter described below. 


Deionization Time 
A discharge may be extinguished by holding the anode for a suitable 
time below the normal maintaining voltage, Vy. The deionization time 
has been defined by Hough and Ridler [7] as ‘the time which must 
elapse following a d.c. discharge of maximum rated current, extinguished 
by a rectangular pulse applied to the anode, before 90°% of the maximum 
working voltage may be re-applied across the gap without re-igniting the 
discharge’. This definition was framed in relation to trigger tubes, but it 
is equally applicable to diodes if one takes ‘maximum working voltage’ 
to indicate ‘ignition voltage’. 

An alternative definition of deionization time is implicit in the method 


Diodes, Stabilizers, and Reference Tubes - 41 


of determination described by Hendrix [13]. This is based on the 
observation that an incompletely deionized tube will restrike at a 
voltage lower than its normal ignition voltage. Hendrix determines the 
lowest frequency of square wave supply with which the restriking voltage 
is measurably lower than the ignition voltage of the fully deionized tube. 
The ‘off’ period of the supply waveform is then concluded to be just 
less than the deionization time of the tube. 

The deionization time depends very largely on the voltage at which 
the anode is held while deionization takes place. If the anode is held 
only a few volts below the maintaining voltage the field is only just 
insufficient to maintain the discharge and deionization is slow, being 
measured in milliseconds. Deionization is about equally slow if the 
anode voltage is entirely removed, since under these circumstances 
there is no field to effect removal of ions from the gap. At about half 
the maintaining voltage, however, the field is strong enough to remove 
ions quickly without producing significant further ionization. Under 
these circumstances deionization times of a few microseconds can be 
obtained with suitably designed tubes. 

Much then depends on the nature of the electrodes and the gas filling. 
Since diodes are seldom used for purposes for which short deionization 
times are required, relevant figures are not generally available. Some 
guidance may, however, be obtained from the notes on deionization 
time in trigger tubes (p. 68). These indicate that tubes having oxide- 
coated cathodes will show deionization times of the order of 1 or 2 msec. 
This is supported by measurements made by Hendrix [13] on the NE2 
diode. 

A tube carrying a small current is less heavily ionized than one carry- 
ing a large current. Accordingly, the tube operating at small current will 
deionize more quickly. 


Circuit Applications 

A number of circuits are based on the connexion in parallel of several 
similar diodes, supplied through a common series resistor from a 
supply voltage greater than the ignition voltage. In such an arrange- 
ment one of the tubes must strike. As soon as this happens, however, 
the voltage across the other tubes falls to the maintaining voltage of the 
conducting tube. Thus no other tubes can strike. If the supply voltage is 
briefly reduced below the maintaining voltage the conducting tube 
begins to deionize. As soon as the supply voltage returns to. the striking 
voltage, however, the same tube will normally restrike. 


In the circuits described below special features are obtained either 
D 
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by (a) ensuring that the same tube does not restrike, or by (6) ensuring 
that a particular (alternative) tube strikes in preference to any other. 
With more than two tubes in parallel the first alternative becomes 
ambiguous. 


Scale-of-two 

When only two similar tubes are connected in parallel, inhibiting the 
striking of one tube is almost equivalent to promoting striking of the 
other. The circuit of Fig. 3.10 is thus the basis of a flip-flop, binary 
counter, or scale-of-two. 


Fig. 3.10. Neon diode scale-of-two. 


The supply voltage, Vz, is greater than the striking voltage, Vic, of 
V; or V2. Thus one or other of the tubes will normally be conducting. 
Assume this is Vi. Then the current Jk: through V; will be given by: 


(Vp — Vu) 
(Rx + Rs) 


and Cxi wil be charged to a voltage /xiRxi. The voltage appearing 
across V2 therefore rises to (Vm + JxiRx1), and provided this does not 
exceed Vig, V2 will not strike. 

If, now, a negative-going pulse is applied through the capacitor Cp 
to the anodes of Vi and V2 the voltage across ; will momentarily fall 
below Vm. Deionization of Vy, then begins, and simultaneously Cx1 
begins to discharge through Rx. If the pulse terminates after VY has 
deionized but before Cx: has discharged significantly, both anodes will 
return to their original potential (Vm ++ Jx1Rx1). But whereas the 
cathode of V2 will be at ground potential, the cathode of V1 will still be 


(3.14) 


ik = 
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positive by a substantial proportion of the voltage Ix1Rx1. Thus a greater 
voltage appears across V2 than across V1. The anode potential of both 
tubes now rises at a rate determined by the time-constant CpRs. When 
the value Vig is reached V2 strikes and the anode potential quickly 
returns to its normal steady-state value. Cxe charges to the voltage 
TxeRxe (= JxiRx1) and Cx, discharges through Rx. By similar pro- 
cesses, the condition of the circuit reverts to its original state on receipt 
of the next input pulse via Cp. 

An output may be taken from the cathode of either Vi or Vo by 


+250V 


Fig. 3.11. Binary scaler using neon diodes. 


either a.c. or d.c. coupling. A resistor in series with Cxe provides a 
differentiated output. If the resistor is shunted by a diode only positive- 
going pulses need appear, corresponding to the striking of V2 at the 
end of alternate input pulses, Using an a.c.. coupling of appropriate 
time-constant, these output pulses may be taken to a further scale-of- 
two of similar design. Since the output from the first stage is positive- 
going, however, it is necessary to ‘invert’ the second stage. Any number 
of such stages may be cascaded, provided they are alternately inverted. 

Fig. 3.11 shows a complete binary scaler of this type. 

The maximum counting rate of a diode binary scaler is not very high — 
perhaps 100-200 c/s. To minimize delays in striking, tubes must be used 
having oxide-coated cathodes, and these must be illuminated. Un- 
fortunately such tubes have relatively long deionization times. To obtain 
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the maximum counting rate from a given tube, the input pulse should 
ideally be rectangular and of an amplitude equal to about half the tube 
maintaining voltage. (Neither of these requirements is likely to be met 
in stages after the first, but as they operate more slowly this is not 
important.) 

It is more usual to employ an exponential input pulse. This must be 
of a larger peak amplitude, and for maximum counting speed the time- 
constant should be one-third or one-quarter of the deionization time 
as defined above [7]. The maximum counting speed will nevertheless be 
inferior to that attainable with rectangular pulses. 

The cathode time-constant RxiCx: (= RxeCxe) should be about 
an order greater than that of the input pulse, i.e. about three times the 
nominal deionization time. If the counter is intended only for operation 
at low frequencies greater reliability can be obtained by increasing 
RxuiCxi and RreCxe. 

As the impedance of the conducting tube is relatively low, the input 
impedance is approximately equivalent to Rs, Rx, and Cx in parallel. 
Driving pulses of suitably low impedance may be obtained from a 
bounce-free switch or the striking of another cold cathode tube, as 
described later. 

Vuylsteke [8] has described an alternative type of binary counter. 
This will operate with either positive- or negative-going input pulses. 
Four neon diodes are required per binary stage. 


Diode Ring Counter 

Instead of inhibiting restriking of the extinguished tube, striking of 
a particular alternative tube may be encouraged, and in this way a 
ring counter may be produced which will operate predictably with far 
more than two tubes in the ring. It proves most convenient to ‘invert’ 
alternate stages, and in consequence the ring must generally contain an 
even number of tubes. (This restriction does not apply to ring counters 
using trigger tubes and described in Chapter Four.) 

Four successive stages of a diode ring counter due to Manley and 
Buckley [9] are shown in Fig. 3.12. Further stages may be added by 
repeating the pattern set by the first two. The ring is completed by 
coupling the last stage to the first. 

Suppose Vo is conducting. The voltage across the other tubes will 
be. (Va + Ix Rx). If this is less than Vig no other tubes will strike. 
Consider the effect of a negative-going input pulse applied to Cp. If 
the pulse amplitude exceeds JxRx the voltage across Vo falls below 
Vu and Vo begins to deionize. No current now flows through Vo and its 
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cathode is at ground potential. The charge on Cy thus holds the cathode 
of V; at a negative potential of Ix Rx and, since neither VY, nor the 
diode D; conducts, Co cannot discharge. At the end of the input pulse 
the rail A returns to its original voltage, (Vm + JxRx). This voltage 
appears across all tubes except 11. Across this tube there is a greater 


Fig. 3.12. Four stages of diode chain or ring counter. 


potential difference due to the negative bias applied to its cathode by 
Co. In fact, a voltage (Vx + 2JKRx) is available to strike Vz and if this 
is insufficient the potential of the rail A will rise further until ; strikes. 
As soon as V; strikes, D; conducts, and Co discharges through Rx. 

When another input pulse is applied through Cp a similar mechanism 
ensures that V1 extinguishes and C; promotes striking of V2 at the end 
of the pulse. 

From the foregoing, it will be seen that 

[Vc + 22k Rx] > Vie > [Vu + IxRx] 

whence Rx ~2 . Gets) (3.15) 
3 Tk 


In the absence of an input pulse, the tube current Jx is given by 


Tx(Rx + Rs) = (Vn — Vu) (3.16) 


Hence, having chosen a tube type and a working current Ix, one can 
calculate Rx using Equation (3.15). A value of Vg is then chosen ex- 
ceeding Vig and Rg is determined from Equation (3.16). 

To ensure that Vig for one tube is never less than Vm for another 
tube, the circuit should be designed either for close-tolerance tubes or 
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for ‘difference diodes’, i.e. diodes with a relatively large difference 
between Vig and Vm. 

Provision may be made for reversing the direction of count by 
switching all inter-stage coupling capacitors so that transfer is effected 


Fig. 3.13. Diode ring counter with ganged switches set to ‘reverse’ position. 


from right to left instead of from left to right. The capacitor must remain 
connected to the resistor, rather than the semiconductor diode, if the 
state of count is not to be disturbed when the direction-reversing switch 
is operated. A suitable arrangement is shown in Fig. 3.13. 

The value of the coupling time-constant, CoRx, must be such that 


vB 


Fig. 3.14. Diode chain or ring counter in which all stages are identical. 
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Co is substantially discharged before the ring counter has gone through 
a complete cycle of n counts. The input time-constant, CpRs, should 
be not less than one-third of the tube deionization time — nor much 
more if rapid counting is required. Usually it is convenient to put 
Cp ~ Co and Rs = Rx. 

Flood and Warman [10] have described a diode ring counter in which, 
by rearranging the same components as in Fig. 3.14, all stages become 
identical. The design considerations discussed above are still applicable. 


Trigger Pulse Generation 

Exponential trigger pulses may be generated by switch contacts using 
the circuit of Fig. 3.15 (a). While the contacts are open, point A charges 
to a fraction Ra/(Ra + Rp) of the supply voltage. When S is closed A 
falls abruptly to ground potential and a negative-going pulse is applied 
through Cp to the input rail of the counter. The amplitude, Vp, of this 
pulse is given by 
Ra 


Vie Se. 
B Ra + Rv 


Vp (3.17) 


Figs. 3.15 (6) and (c) show methods of using a cold cathode diode to. 
generate trigger pulses. These are useful for inter-decade coupling or 


+VB +VB 
\ 
Rp Rb 
c 
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Ra Ve 
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Fig. 3.15. Generation of exponential trigger pulses by (a) switch contacts, 
(6) positive pulse to diode, and (c) negative pulse to diode. 


where input pulses are obtained from a high-impedance source such as 
a photocell. The ratio Ra/Rp is chosen so that the voltage applied to the 
tube is a little less than Vig. A positive input pulse applied to C; in 
Fig. 3.15 (6) — or a negative pulse in Fig. 3.15 (c) - momentarily cuts 
off the semiconductor diode and applies an increased voltage to the 
tube, thereby striking it. The voltage across the tube now falls abruptly 
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to the maintaining voltage, Vm, the semiconductor diode again conducts 

and a negative-going pulse is delivered through Cp. Its amplitude, Vp, 

is given by 

oa Ra 

~ Ra+ Ro- 
In the case of the binary and ring counters described already it is 

necessary to make Vp > JxRx. Hence, combining Equations (3.15) 

and (3.18), 


Ve Va Van (3.18) 


Ra 2 
RRs - Va > 3 Vic (3.19) 


The standing voltage across the cold cathode diode must not exceed 
Vig. Hence a reasonable compromise is usually found in 


Ra ae 
Ra + Rb Vp ~ 0 9Via (3.20) 
; Ro, f Ve\ 
1.¢. R ZVtli (#2) 1 (3.20a) 


The delivery of an output pulse from the circuit of Fig. 3.15 (5) or (c) 
extinguishes the conducting tube iri the circuit to which it is connected. 
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Fig. 3.16. Reversible diode ring decade counter. Tube at left generates stepping 
pulses in response to either switched or pulse inputs. 
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As the pulse decays, however, another tube strikes in the counting 
circuit. The common input rail of the counter falls by nearly (Vig — Vu) 
and a negative-going pulse of this amplitude is transmitted by Cp 
back to the triggering tube, V;. Thus the discharge in /; is automatically 
extinguished. 

The input pulse applied through C; must terminate before the end of 
the quenching pulse returned through Cp. If this is not so, V; will not be 
extinguished. It is usually sufficient to arrange that C, < Cp. The time 
constant CpRc is best made roughly equal to the deionization time of 
the counting tubes. Thus in a ring counter, Ro = 3Rs. 

The decade counter shown in Fig. 3.16 is based on a circuit described 
by Manley and Buckley [9]. This circuit combines various techniques 
described above. In particular, it will be noted that the triggering 
arrangements shown in Fig. 3.15 (6) and (c) are combined so that 
triggering may be effected either by an input pulse or by switched input. 


Logical and Memory Circuits 

Neon diodes have been used as logical and storage elements for data- 
handling systems. Their value is restricted by their ionization and de- 
ionization times, but for low- and medium-speed applications they are 
attractive, since they are inexpensive and provide a visible indication 
of operation. 


Neon Diode Shift Register 

A simple pattern shifting register (Fig. 3.17) due to Warman uses two 
pulse inputs to circulate the charge ‘written in’ by closing switch 5}. 
Suppose Si is momentarily closed to charge Ci to the potential Vz. 
Provided Vg < Vig neither Vi nor Vg will ionize and C, remains 
charged to Vp. When a positive pulse, Vpe, is applied to rail Pe, however, 
V; conducts to transfer charge from Cj to Cz. A positive pulse, Vp1, 
applied to P; now causes Vz to conduct so that the charge is transferred 
from Cz to C3. Si may now be closed to recharge C; if it is required to 
“write in’ another ‘1’. As pulses are alternately applied to Pz and Pi, the 
stored charges progress first from Coaa to Ceven and then from Ceven 
to the next Coaa. 

Flood and Warman [10] discuss the circuit operation in some detail 
and show that, to produce complete transfer of charge from one capa- 
citor to the next, 

Ve = Vea + Vu 3.21) 


In practice, Vx differs significantly from tube to tube, but this leads 
to the production of residual charges providing a compensating action. 
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As a result, the charge circulating does not depend on tube tolerances. 
Also, provided the stored charges are circulated, they do not diminish 
due to leakage effects. By comparison with a shift register using triodes 


Fig. 3.17. Pattern shifting register. 


(p. 143), the diode shift register provides rapid operation (at least up to 
1,000 steps/sec) and low power consumption. On the other hand, charge 
leakage effects may become serious if the register is not stepped several 
times a minute at least. Also no visible indication of state is provided 
with the store static. The diode circuit uses two neon diodes and two 
semiconductor diodes per storage position, whereas the triode circuit 
uses only one trigger tube and three or four resistors in addition to the 
two capacitors per storage position. 


Neon Diode Logical Matrix 

A logical matrix using neon diodes has been described by Raphael and 
Robinson [11]. Tubes are connected between two sets of wires crossing 
at right angles, as shown in Fig. 3.18. Each tube is thus connected to one 
‘horizontal’ and one ‘vertical’ wire, and the particular combination of 


wires is unique to that tube. At any instant, only one horizontal and 


one vertical wire is energized. If Vm is applied to a horizontal wire and 
—V- to a vertical wire a neon connected between these two wires will 
strike. A multiplier photocell receives light from any neon which strikes 
and so indicates a ‘1’. If there is no neon connected between the wires 
energized the photocell remains unilluminated and the absence of an 
output indicates a ‘0’. Complications arise because the neons and 
photomultiplier must be in an enclosure excluding stray light. In conse- 
quence, striking of a neon may be delayed due to the absence of primary 
electrons. This difficulty is overcome by using a ‘flasher’ neon tube to 
stimulate photo-emission not more than 30 msec before any matrix neon 


Diodes, Stabilizers, and Reference Tubes + 51 


is required to strike. The photomultiplier, of course, receives light from 
the flasher neon, but the unwanted output pulse thereby produced is 
removed by a gated amplifier. 


101 102 103 104 tos 


_|eeI 
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Fig. 3.18. Diode logical matrix. 


‘Dynamic Bit’ Memory Circuit 

Memory circuits due to Hold and Friedman [12] provide for the 
rapid ‘writing’ of new information into a memory. In Fig. 3.19 (a) a 
5-usec pulse is applied to the point A at intervals of 100 usec. The pulse 
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(a) 
Fig. 3.19. ‘Dynamic bit’ memory circuits, (a) requiring 100 usec to erase a 
“1”, and (5) requiring only 5 usec to write either ‘1’ or ‘0’, 


has an amplitude midway between V4 and Vig so that if the tube is not 
already ionized this pulse is not capable of producing ionization. In 
this condition the tube is in the ‘0’ state. A ‘1’ is written into the tube by 
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applying simultaneously a positive pulse at B and a negative pulse at C. 
(For this purpose, each tube in a memory is connected across one inter- 
section of a crossed-wire matrix similar to that in Fig. 3.18.) Such a 
combination of positive and negative pulses ionizes the tube, and 
ionization is therafter maintained by the pulses at A so long as these are 
repeated at 100 psec intervals. On a tube storing a ‘1’ an output pulse 
appears whenever a re-ionizing pulse is applied at A. Erasure is effected 
by omitting the pulses at A, whereupon all tubes in the memory deionize. 
It is a limitation of this circuit that tubes can be returned to the ‘0’ 
condition only by using erasure and this occupies at least 100 psec. 

The two-diode circuit shown in Fig. 3.19 (6) overcomes this limitation. 
Pulses applied to A exceed Vig, so that one tube or the other is always 
ionized. Suppose that Vo is ionized to indicate a ‘0’. A negative-going 
‘write’ pulse applied to the cathode of Mj will ionize Vi; and reduce the 
potential of point B to near ground potential. Vo thus begins to deionize, 
and at the end of the ‘write’ pulse V1 remains the more heavily ionized 
and thus indicates a ‘1’. Because the circuit is symmetrical, a similar 
process allows the memory to be returned to the ‘0’ condition with 
equal rapidity, either transition being effected in 5 psec. 


Diode Gates 
There are several possibilities for the use of diodes as gating elements 
for either d.c. or a.c. signals. 
Fig. 3.20 represents a gate useful for a.c. signals. 
+ I An a.c. input at B will not pass through the tube 
if the d.c. potential at A is such that the tube 
anode never exceeds Vig. (It may be necessary 
to maintain A positive to prevent firing on 
SLs—f negative-going peaks of the input at B.) If A is 
now raised above Vig the tube fires and, provided 
the negative-going excursions of the input at B 
ad do not exceed the d.c. component of the voltage 
across Rx, the output from the tube cathode 
follows the input at B with negligible loss. The 
output impedance is low, being substantially the 
Fig. 3.20. Diode gate sym of the tube impedance and that of the a.c. 
fob sparen And GtneR Ae: supply to B. Speech signals can be switched by 
signals. Gear a ‘ . 
circuits of this type, although noise may prove 
objectionable if many such switches are connected in series. 
Flood and Warman [10] describe a number of logical gates which 
may be provided by diodes used singly or in combination. Many of these 
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gates employ the ‘pulse-plus-bias’ technique (p. 72). The circuit 
described already in connexion with Fig. 3.20 is, in fact, an ‘AND’ 
gate of this type. For reliable operation, a neon diode pulse-plus-bias 
‘AND’ gate requires that 

Vu > Ve Vez Vials/2 (3.22) 


where Vr = positive pulse amplitude. 


If a positive bias Vc is applied to Rx instead of at A, a ‘NOT’ gate 
results, the tube conducting if a pulse Vp (> Vig) is applied at B, but 
not if a bias Vc (>Vp — Vig) is applied to the cathode. For a ‘NOT’ 
gate the optimum dimensions of pulse and bias are given by 


Ve View/2 2 2Ve (3.23) 


These two arrangements may be combined to provide a gate with 
the logical function ‘A and B, not C’. For this gate, 


Vu > Ve Va Ve DS Vial /2 (3.22a) 


The simple ‘OR’ gate of Fig. 3.21 (a) may also be elaborated to meet 
more complex requirements. The addition of C and R as indicated by 
the dotted connexion provides the function ‘A and B, or Y’, the ‘A and 
B’ part of the logic being obtained by pulse-plus-bias methods. 

In all the gates described so far a tube conducts to deliver an output, 
and no tube conducts when an output is not to be delivered. Hendrix [13] 
has discussed at length the design considerations for ‘OR’ and ‘AND’ 
gates according to the circuits of Fig. 3.21 (a) and (5) respectively, but 
based on a different concept. By arranging that one tube or another is 
always conducting, he maintains the output impedance low and sub- 
stantially constant. 

Fig. 3.21 (@) shows an ‘OR’ gate which has two or more inputs, X, 
Y, etc. 

Each input, X, Y, has two alternative levels: a value Vxo, Vyo, in 
excess of Vig and corresponding to a ‘0’ condition and a value Vx1, 
Vyi, higher by about Vm and corresponding to the ‘1’ condition. 

If input X is in the ‘1’ condition V; will be conducting and the output 
Vo will be given by 


Vor = (Vxi — Vu) (3.24) 


If input ‘Y’ also rises to the ‘1’ condition the voltage acrass V2 
becomes the same as that across Vj. This voltage, Vm, is insufficient to 
strike V2 and the output remains unchanged. If Vx now falls to the ‘0’ 
condition, however, Vo falls momentarily until the voltage Vig appears 
across V2. At this instant V2 fires and the output returns to the value 
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(Vxi — Vu) [=(/x1 — Vu)]. The transient fall in Vo which accom- 
panies the changeover from Vi conducting to V2 conducting (or vice 
versa) cannot be filtered out simply by connecting a capacitance in 
shunt with Rr. This would only stretch the pulse beyond the normal 
duration of 5 usec. 

When both X and Y are in the ‘0’ condition, one of the tubes will 


JA ’ x Y 
--> n 
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c 


Fig. 3.21. Neon diode gates, (a) an ‘OR’ gate, one input to which is a pulse- 
, plus-bias ‘AND’ gate, and (6) an ‘AND’ gate. 


still be conducting because Vxo9 ~ Vyo > Vic. The output Vo in this 
case is given by 
(Vx0 — Vu) Voo = (Vxo — Vu) (3.25) 
Although it would be possible to operate an ‘OR’ gate with 
Vx0 2 Vyo < Vu < Vic, this would mean that in the condition Vxo, 
Vyo, neither V; nor V2 would be conducting. The output impedance 
in this state would then rise to the value of the load resistance Rt. 
By operating the gate in the manner previously described, however, 
one tube is always conducting and the output resistance Ro is sub- 
stantially constant. Thus in all states, Ro is given by 
~ (Rx + Ri). Ri 
°™ Rx + Rit Re 
where Rx is the source resistance of input X; 
Ry (Rx) is the source resistance of input Y; 
Rt is the incremental resistance of the type of tube used for Vi and V2. 
The ‘AND’ gate shown in Fig. 3.21 (6) operates in a very similar 
manner to the ‘OR’ gate. Its output resistance is again given by Equa- 


(3.26) 
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Fig. 3.22. Use of diode Vx as level shifter in (a) ‘OR’ and (6) ‘AND’ gates. 


tion (3.25). The output voltage of the ‘AND’ gate is, however, greater 
than the lowest input by a voltage Vm, whereas that of the ‘OR’ gate 
is lower than the greatest input by a voltage Vy. If one of these gates is 
required to give an output with the same d.c. levels as the inputs a 
further diode of the same type may be added as shown in Figs. 3.22 (a) 
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Fig. 3.23. Example of combination of ‘OR’ and ‘AND’ gates. 
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and (5). The additional diode Vz, acts as a level shifter, raising or lower- 
ing the output level by a voltage Vy. The value of Rx must usually be 
halved, since it now carries the current flowing through Vz, in addition 
to that through one of the other diodes. In general, Ry» Ri and 
Rs > Rr. It then follows that the output resistance Ro’ using a level 
shifter is greater than that without a shifter and is given by 


Ro’ @ Rx + 2R1 (3.27) 


In some cases it may be required to feed an ‘OR’ gate into an ‘AND’ 
gate, or vice versa. No special steps are then required to effect level 
shifting, since the two types of gate produce shifts of level which are 
equal but opposite in direction. This is evident from Fig. 3.23, which 
shows two ‘OR’ gates, AB and EF, driving an ‘AND’ gate, CD. The 
inputs to the ‘OR’ gates are at + 200 V in the ‘on’ condition and + 150 V 
in the ‘off’ condition. Assuming a value of 60 V for Vm, the outputs of 
the ‘OR’ gates are at 140 V or 90 V, depending on their state. Similarly, 
the output of the ‘AND’ gate is at one of two levels 60 V higher than 
the alternative levels of its input. 


EXAMPLE 3.4 Gas Diode Logic Gate 

The design of a diode gate depends on the number and nature of other 
gates to which it is connected. In view of the endless possibilities for 
such interconnexion, design cannot be reduced to a formal pattern, and 
each case must be studied from first principles. The following treatment 
of the circuit shown in Fig. 3.23 is representative. It is based on the 
paper by Hendrix [13]. 


' The output stage is considered first. Since it operates with the lowest tube 
currents, these are made as low as is permissible. In this way the operating 
current of all other tubes is reduced and it is possible to cascade the maximum 
number of stages before finding the input stage exceeds the maximum permis- 
sible tube current. 

In gate CD one tube or the other is conducting at any time, but never both. 
The tube current is clearly lowest when the current through Rs is at its lowest 
value, i.e. the output is at its higher value, +200 V. Equating the current 
through Rs to Ix(min), then Hendrix obtains for the NE2, 

__ 350 — 200 ‘150 


= = = 750 kD 
ee Tx(min) 0-2 


When the output is at +150 V the current through Rs is given by 


350 — 150 
Tcp(max) = —750 ~~ 0-27 mA 
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This is the maximum value of tube current in the output stage. 

For the gate AB the minimum tube current is again made 0-2 mA. This 
will correspond to an input at +150 V and an output of 90 V across R1. In 
this condition, however, the output from CD is low and the maximum 
current of 0:27 mA flows through tube C and R:. Thus the total current 
through R: will be 0-47 mA and R: is given by 

90 
Ri = 047 ~ 200 k22 

If the output from gate EF is also at +90 V it can happen that tube D, 
not C, will be conducting. In this case tube A or tube B will carry 0:47 mA 
so long as both inputs to gate AB are at +150 V. When either input to AB 
rises to +200 V the voltage across Ri will rise to 140 V. The current through 
the conducting tube, A or B, will then reach its maximum value, given by 


Since the gates AB and EF are identical, Re = Ri = 200 kQ and the tube 
currents in EF also range from 0-2 to 0-7 mA. 

If gates AB or EF are preceded by further gates, the foregoing design 
procedure is continued. Ultimately a limit is reached at which further stages 
using similar tubes cannot be cascaded directly without exceeding the tube 
current ratings. When this arises, tubes of a higher maximum current rating 
may be used for the early stages. Alternatively, a cathode follower or emitter 
follower may be used to buffer adjacent gates so that a gate working at 
comparatively low current can control a subsequent gate operating at higher 
currents. 


Limitations of Diode Gates 

Hendrix [13] has shown that it is possible for diode gates using NE2 
tubes to operate reliably at rates up to 30 kp/s. He observes that the 
spread of characteristics between new NE2 diodes is as much as +25°%, 
On ageing, the maintaining voltage increases fairly abruptly after about 
1,000 mA-hours and thereafter assumes an increased value with a 
spread of only about +27. This appears to be due to the sputtering-off 
of the low work-function oxide coating on the electrodes of new tubes. 
Thus the higher maintaining voltage corresponds to a tube operating 
with pure metal electrodes. Hendrix notes the occasional firing delays 
experienced with pre-aged tubes. He attributes it to the virtual exclusion 
of light by the deposition of sputtered material on the inside of the 
envelope. It seems more probable that the explanation lies in the change 
in photosensitivity of the cathode on losing its low work-function 
coating. A new cathode will emit photo-electrons when irradiated by 
visible light. After ageing, however, its sensitivity will be confined to 


ultra-violet radiation. 
E 
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CHAPTER FOUR 
Trigger Tubes 


Although the cold cathode diode is sometimes used as a relay device, 
for the majority of applications it suffers from one or more of the 
following shortcomings: 


(1) the breakdown potential is not a controlled characteristic; 
(2) striking may be subject to statistical delays; 
(3) input and output share the same pair of terminals. 


Several kinds of three- and four-electrode relay tubes are now avail- 
able which eliminate some or all of these shortcomings. In construction, 
they vary considerably, but in principle they represent a simple logical 
development from the neon diode. 

The main anode-cathode gap of a relay tube has all the characteristics 
of a gas-filled diode. If the applied voltage exceeds a given value, Vic, 
breakdown occurs. As long as the current is restricted to the range 
corresponding to a normal glow discharge, the maintaining voltage, 
Vm, is substantially constant. As in a simple diode, breakdown cannot 
occur unless free electrons or ions are present in the gap. Photo- 
emission or ionization by natural radiation or a radioactive isotope in 
the envelope produce ion currents so small that the breakdown voltage 
is not usually dependent on their magnitude. As a rule, only direct sun- 
light will produce sufficient photo-emission to reduce the value of Vig. 
In a cold cathode triode, however, the additional electrode provides an 
alternative means whereby a substantial ionization of the main gap may 
be produced. When a sufficiently high potential is applied between this 
trigger electrode and cathode, a discharge occurs between these two 
electrodes. Provided the trigger current exceeds a critical value known 
as the transfer current, sufficient ionization of the main gap is produced 
to promote a discharge from anode to cathode. This occurs even though 


‘ the anode voltage is less than Vig, but it must, of course, be greater than 


the maintaining voltage, Vm, to which the anode voltage falls once 
ignition occurs. 
The trigger gap also has the characteristics of a.cold cathode diode, 


and accordingly, it, too, cannot strike without a source of primary 
59 
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electrons. In a relay tube it is usually required that triggering shall occur 
as quickly as possible once the appropriate potentials have been applied. 
Accordingly, natural radiation cannot be relied upon to produce primary 
ionization, as considerable delays would frequently arise between appli- 
cation of the trigger potential and ionization of the gas filling by a cos- 
mic ray. Even the inclusion of a radioactive material, such as uranium 
oxide or tritium, leaves a significant statistical delay. Accordingly, two 
alternative types of trigger tube have been evolved: 


(a) Those in which the cathode is coated with a material of low 
work function, e.g. an oxide of barium or potassium. Such a coating 
will emit electrons under the influence of light entering the glass 
envelope. These electrons then provide the primary ionization neces- 
sary for triggering to occur. 

(6) Tubes using pure metal cathodes, usually molybdenum. The 
pure metal has a higher work function than an oxide coating, and as 
a result its photo-emission is confined to ultra-violet wavelengths 
in the band absorbed by the glass of the tube envelope. Consequently, 
photo-emission due to external radiation cannot be used to produce 
ptimary ionization. An alternative source is provided in a small 
continuous priming discharge across an auxiliary electrode gap. An 
external series resistor is used to restrict this discharge to some tens of 
microamperes, and this low current is not itself enough to cause trig- 
gering of other inter-electrode discharges. Some ions or photons do, 
however, enter the trigger-cathode gap, and so provide primary 
ionization allowing triggering to occur as soon as the trigger-cathode 
breakdown voltage, Vr, is reached. 


_ One sees that the relay tube is most aptly named. Application of the 
requisite trigger potential allows the photo-emission or priming dis- 
charge to initiate breakdown of the trigger-cathode gap. Discharge of 
the trigger circuit in turn supplies the greater degree of primary ioniza- 
tion needed to cause ignition of the main gap at an anode voltage 
below Vig. Ionization is thus relayed from primary source to main gap 
once the trigger potential reaches Vr. This justification of the name 
relay tube is only incidental: its true origin lies in the considerable power 
gain between input and an ‘off-on’ output. 


Ignition Characteristics 

Fig. 4.1 represents the ignition characteristic of a typical trigger tube. 
Provided the voltage applied to the trigger electrode and anode are 
represented by a point lying within this characteristic, ignition does not 
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occur. If one or both of these voltages is increased until the working 
point reaches or passes outside the characteristic, breakdown occurs. 
Operation is usually confined to the first quadrant, and breakdown is 
then initially between trigger and cathode or anode and cathode, de- 
pending on whether it is the trigger voltage or the anode voltage which 
is increased to move the working point beyond the characteristic. It will 
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Fic. 4.1. Ignition characteristic of typical trigger tube, indicating electrodes 
between which initial breakdown occurs. 


be seen, however, that if the trigger and/or anode voltage can become 
sufficiently negative the initial breakdown will occur in either direction 
between any pair of electrodes. With many circuits, particularly those 
operating with a.c. supplies, such triggering can occur unintentionally 
and must be guarded against. If current flows into the nominal anode or 
trigger some of the nickel may be sputtered on to the normal cathode, 
thereby contaminating the cathode surface. In tubes having pure metal 
cathodes this produces a permanent change in the otherwise very stable 
triggering characteristic of the tube. 

Once breakdown occurs, the anode voltage falls to the anode-main- 
taining voltage, Vm. The trigger then acts as a probe in the anode- 
cathode discharge and tries to assume the trigger maintaining potential, 
Vy. This it will do provided the trigger current is limited to a few micro- 
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amperes by a sufficiently large resistance in the trigger circuit. It should 
be noted that reverse trigger current will flow if the trigger supply 
potential is allowed to fall below Vy while the anode gap is conducting. 

Triggering does not occur instantaneously. Between application of 
the trigger pulse and the establishment of anode current a delay time 
T arises which Hough and Ridler [1] express by Equation (4.1). 


T=ttt+itstht (4.1) 


where f1 is the statistical delay in the trigger-cathode breakdown; 
tz is the formative delay time elapsing between the start of the trigger 
breakdown avalanche and the formation of the positive space charge; 
ts is the time required for the trigger discharge to produce breakdown 
of the main gap; and 
ta is the time required for the main gap current to rise to a given level. 


It has been noted already that the first of these delays, 41, becomes 

long and unpredictable if a tube relying on photo-emission is operated 

in the dark. Even with the inclusion 

(pSEC) of a small amount of uranium 

| oxide, delays may be as long as 100 

1009 msec, and accordingly, high-speed 

trigger tubes use pure metal elec- 

trodes and an auxiliary priming 

discharge. Provided the priming dis- 

charge is sufficiently large (usually 

between 10 and 250 pA), the 

statistical variation in ft, practically 

disappears. It is then found, how- 

5 to(v) ever, that 4; and f2 decrease if an 

OVERVOLTAGE over-voltage is applied to the trig- 

ger-cathode gap before ionization 

occurs. Over-voltage has the merit 

of ensuring more reliable operation 

of a tube despite increases in trigger— 
cathode breakdown voltage and transfer current during its life. 

Over-voltage of the trigger usually produces an increased trigger 

current after trigger breakdown. This produces a proportional reduction 

in the transfer time, fs, for a given anode voltage. The final delay, t4, is 

determined largely by the external circuit and supply voltage. The anode 

current rises more quickly with a high voltage applied through a circuit 

free of inductance. 
Fig. 4.2 summarizes the effect of trigger over-voltage on the total 
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Fig. 4.2. Reduction of ionization time 
with trigger voltage in excess of critical 
value. 
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ionization time, T, in a type CV2434 tube. An increase of over-voltage 

from 0°5 to 10 V reduces the ionization time from 2 msec to 20 usec. 
A further important factor is the value of anode voltage applied 

before triggering takes place. From Fig. 4.3 it is seen that raising the 
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Fig. 4.3. Relation between transfer current and anode voltage for CV2434. 


anode voltage above the maintaining voltage rapidly reduces the transfer 
current. If an excessive anode voltage is applied the transfer current 
approaches zero, i.e. the anode breakdown voltage, Vig, is reached and 
breakdown occurs spontaneously. There is, however, a decided advant- 
tage in designing for operation with an anode potential of about 0:8 Vig. 
With this value, reliable operation is provided with a low transfer current 
drawn from the trigger. ; 


Shielded-anode Tubes 

Whereas the typical molybdenum—cathode trigger tube provides an 
anode maintaining voltage, Vy ~ 110 V and an anode breakdown 
voltage, Vig ~ 290 V, shielded-anode tubes may be operated with 
anode supply voltages up to about 400 V. As a result, the following 
advantages are obtained: 


(1) For the same value of Jxav) (max (typically ~25 mA), more 
power may be delivered to the load. 
(2) The electrical efficiency of power switching is higher. 
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(3) Tubes may be operated from rectified a.c. mains supplies of up to 
270 V r.m.s. without the power loss or complication of a voltage 
attentuator. 


In construction, the shielded-anode tube differs from the simpler form 
of trigger tube in having an additional shield electrode between the main 
anode and cathode. This shield (or ‘second anode’) controls the poten- 
tial gradients between anode and cathode prior to breakdown. If it is 
biased to a suitable proportion (typically 50-75%) of the main anode 
potential it largely restricts distortion of the anode-cathode potential 
gradient due to space charge (p. 13). As a result, the point of break- 
down is delayed until the potential between an adjacent pair of elec- 
trodes reaches a critical value. Typical critical values are Vr ~ 120 V, 
Vigar © 250 V, Vai-a2) (max) ~ 180 V. 

Of the shielded-anode tubes currently available, both the Mullard 
Z806W and the Ericsson GPE/120T provide stable, close-tolerance 
trigger characteristics with small hysteresis effects (p. 67). The maximum 
spread in the value of Vz is of the order of only 5°% throughout life, 
including hysteresis. 

Two methods of supplying the shield electrode (A2) are commonly 
used. When the main anode (A1) is connected to a d.c. supply A2 may 
be returned to any fixed voltage in the appropriate range. Alternatively, 
if the anode is connected to a supply of rectified, unsmoothed a.c. A2 
is returned to a potential divider across this supply. In either case the 
circuit supplying A2 should have a source impedance of about 100 kQ, 
so that, once triggering occurs, the cathode current is principally due to 
current from Al. 

The Elesta ER32 contains a shield anode, the potential of which is 
set by the gas filling. No external connexion is needed or provided. 

In the shielded-anode tube three discharge gaps must be extinguished: 
trigger—cathode, Al—cathode, and A2-cathode. The techniques available 
are the same as for other types of tube (pp. 77 et seq.), but the Al- 
cathode and A2-cathode gaps must both be extinguished before working 
voltage is re-applied to either gap. This requirement is met automatically 
if A2 is connected to a potential divider between cathode and the supply 
to Al. 


High-speed Trigger Tubes 

Shield electrodes are used also in high-speed trigger tubes, the develop- 
ment of which has been described by Hough and Ridler [1]. Most of 
the foregoing remarks apply also to these tubes, although the shield 
electrode is provided primarily to assist in rapid dejonization. This it 
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does by providing an electric field which removes ions when the anode- 
cathode voltage is depressed below the maintaining voltage. 

In the S.T. & C. high-speed trigger tube, type G1/371K, the combina- 
tion of gas-filling and electrode structure provides a deionization time 
of only 30 usec. The tube is therefore useful for high-speed counting 
and logical circuits. For these applications the advantages of short 
ionization and de-ionization times outweigh the disadvantages of rather 
high working voltages (Vp = 177-192 V, Vu = 172-188 V). 

In the G1/371K it is also permissible to effect triggering by coincident 
application of a positive pulse to the shield and a negative pulse to the 
trigger. Breakdown from shield to trigger is thus produced which leads 
to breakdown of the main anode-cathode gap. This method of triggering 
provides useful possibilities in logical circuit design. 


Glow Thyratrons 

In the various trigger tubes described above a small amount of primary 
ionization is continuously present in the anode—cathode and trigger— 
cathode gaps. Trigger-cathode breakdown is produced by increasing 
the trigger—-cathode potential beyond the breakdown potential. Anode- 
cathode breakdown then results due to the ronsedvent heavy ionization 
of the anode-cathode gap. 

In the Cerberus glow thyratron tubes made in Switerand a different 
mode of triggering is employed. Ions produced in a priming discharge 
are prevented from entering the main anode-cathode gap by a small 
negative potential (~5 V) applied to a perforated control grid close to 
the main cathode and between cathode and anode. When the grid bias 
is removed or made positive sufficient ions pass into the main anode- 
cathode gap to reduce the breakdown potential below the applied anode 
voltage. An anode-cathode discharge then occurs which can be extin- 
guished only by reducing the anode-cathode voltage for a time exceeding 
the deionization time. ; 

The pure molybdenum cathode of the Cerberus GT21 endows it 
with the stability and long life typical of tubes using pure metal cathodes. 
The high anode breakdown voltage (Vig ~ 450 V) and moderately high 
mean cathode current (10-40 mA) are attractive features. The small 
control signal (5 V) is readily provided by transistor circuits at cathode 
potential. 

Characteristics and applications of these tubes have been described 
by Pun and Mitter [2] and, at greater length, by Henry [3]. As in the 
more conventional trigger tube, the ionization time of a glow thyratron 
is reduced by increasing the anode voltage. Unlike the trigger tube, the 
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glow thyratron ionizes more slowly if the control grid is made more 
positive than the critical triggering potential. Also the grid of the 
GT21 acts as a probe in the priming discharge and so tends to carry a 
small current, even when the tube is in the ‘off’ condition. With the 
recommended value of priming current (~100 A) flowing between the 
main cathode and auxiliary cathode, the grid current will not exceed 
1 or 2 pA ata bias of —5 V. If the grid is connected to a voltage source 
of high impedance (>1 MQ) the 7R drop due to grid current becomes 
significant. 

Once the main discharge is initiated, the grid acts as a probe in the 
main anode-cathode gap. It may then be regarded as a voltage source 
of 100 V with an impedance of 100 kQ. 

From the foregoing, it will be understood that it is not convenient to 
connect the grid to circuits of very high impedance. In practice, varia- 
tion of grid circuit impedance over the range 50-500 kQ produces a 
negligible effect on tube performance. 


Deionization and Recovery Time 
The comments made in Chapter Three on the deionization time of 
diodes (p. 40) apply also to trigger tubes. Thus recovery is most rapid 
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Fig. 4.4. Relation between anode gap recovery time and peak anode current for 
CV2434. 


if anode and trigger potentials fall during recovery to about half their 
maintaining potentials. 

In trigger tubes the picture is complicated by the possibility of break- 
down in either trigger or anode gap when normal pre-strike potentials 
are re-applied. The two gaps may be regarded as having separate 
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recovery times, distinguishable by the different results obtained, de- 
pending whether it is the trigger or the anode potential which is 
returned to a potential near breakdown after the deionization period. 
Thus Fig. 4.4 shows how the anode-cathode gap recovery time varies 
with peak anode current in the CV2434. If an anode current of 40 mA 
has been established the anode voltage must be held at zero for a 
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Fic. 4.5. Trigger voltage depression (‘hysteresis’) as a function of recovery time 
and anode current. 


minimum of 4 msec before it can be returned to 220 V without re- 
establishing the discharge. This is so even though the trigger potential 
may be held well below the normal breakdown trigger potential. Fig. 4.5 
shows how the trigger-cathode breakdown voltage, Vr, of the same 
tube is reduced considerably when a large anode current is followed by 
a brief extinction period. This ‘trigger hysteresis’ is present in some 
degree in all trigger tubes. Crowther and Smith [4] have established that 
it is due to heating inside the tube. For the Z803U, the formative and 
recovery time-constants are approximately equal and of the order of 
8 sec. Tubes are now available which have been designed to reduce 
trigger hysteresis to 1 or 2°%% of Vr. 

Hough and Ridler [1] have described the processes involved in de- 
ionization. The removal of electrons may be effected within a few micro- 
seconds by the application of a suitable field. Ions are also removed by 
an applied field, though rather more slowly on account of their lower 
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mobility. In many tubes the principal factor determining the deioniza- 
tion time lies in the presence of atoms of gas which have been raised to 
metastable states of excitation by the discharge. Electrons have not been 
removed from these atoms, but only raised from one orbit to another. 
Consequently, these metastable atoms carry no net charge and so cannot 
be removed by an applied field. 

Although metastable atoms may have energy levels as high as 10 V, 
electrons do not remain in these orbits for very long. In less than 
1 psec they decay to levels of about 3 or 4 V. These lower energy levels 
exceed the work function of an oxide-coated cathode, but not that of 
a pure metal cathode. With a coated cathode, therefore, metastable 
atoms may produce either secondary emission or photo-emission, so 
long as they remain in the tube. The life time of a metastable atom may 
be of the order of 1 msec, and accordingly, tubes with oxide-coated cath- 
ode have correspondingly long deionization times. 

When pure metal cathodes are used the metastable atoms do not 
possess individually sufficient energy to produce either secondary or 
photo-emission from the cathode. However, relatively long deionization 
times may still be obtained because so long as they persist, metastable 
atoms collide to produce further ionization. 

By introducing some hydrogen in the gas-filling it is possible to 
produce quenching of metastable atoms within a few microseconds. 
Hough and Ridler describe the application of this technique to the 
design of high-speed trigger tubes such as the G1/370K and G1/371K. 
In these tubes deionization times as short as 20 or 30 usec are obtained. 
Deionizing agents cannot be used with oxide-coated cathodes, as the 
cathode surface is rapidly destroyed by such additions to the gas filling. 


Current Triggering 
When a high-impedance input is applied to the trigger the loading due 
to the transfer current must be considered. As the trigger potential 
approaches the critical value, Vr, a small current (~10-1° A) fiows from 
trigger to cathode. In the circuit of Fig. 4.6 (a) it is therefore a pre- 
requisite for triggering that 

Vs > Ve (4.2) 


As the trigger potential reaches Vy the trigger-cathode current 
increases very rapidly and enters a negative-resistance zone, DE in 
Fig. 2.2. If the value of Rr is not large enough to stabilize the discharge 
in this zone the trigger current increases to a value J given by 
_ Ws — x) 


I 
Rr 


(4.3) 
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For triggering to occur, 
Il2h 


(Vs — Vx) 
ih< ae ae 


ie. 


This will be satisfied if 
(Vc — Vx) 
Ty 


Thus triggering is assured if Relations (4.2) and (4.4) are both satis- 
fied for the maximum value of J during tube life. 

The maximum value of Rr given by Relation (4.4) depends on the 
tube. Typically it is about 300 kQ. Provided this limit is respected, Vs 
need exceed Vq by only a few millivolts, since the pre-strike current 
produces only a very small voltage drop across Rr. If the limiting value 
of Rr is exceeded, however, triggering will not occur until Relation (4.5) 
is satisfied. 


Rr< (4.4) 


Vs > Vy -+ IpRe (4.5) 


In this case the critical value of Vs for a given value of Rr becomes 
dependent on Jy. Since /7 is likely to vary during the tube life, this is not 
a mode of operation providing triggering at a consistent level of Vs. 

If difficulty is experienced in satisfying Relation (4.4) it should be 
remembered that Jy may be decreased by an increase in Va. The 
maximum value of Va is determined by the danger of exceeding the 
anode-cathode breakdown voltage, Vig. 


Capacitor Triggering 

When the source impedance exceeds the limit set by Relation (4.4), 
capacitor triggering can be a useful circuit technique. It raises the 
limiting value of Rr by some three orders of magnitude, though at the 
expense of a delay which can rise to about’0-1 sec in an extreme case. 
This is due to the addition of the capacitor, Cy in Fig. 4.6 (6), between 
trigger and cathode. 

The addition of Cr allows an avalanche to occur when the discharge 
enters the negative resistance part of its characteristic. As the trigger 
potential falls from Vz to Vy, current is drawn from the capacitor, and 
if the charge so removed is sufficient, triggering occurs. If not, the dis- 
charge may stabilize at a current determined by Rr. Alternatively, 
squegging (relaxation oscillations) may occur, and triggering may occur 
after several squegging pulses. 

Manufacturers usually provide data covering the minimum value of 
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Cr ensuring triggering with specified anode voltages. A rough estimate 
of this value, Crcerity, may be arrived at by calculating the capacitance 
which, in discharging from V7 to Vn, loses a charge equal to the product 
of the transfer current, Jy (for the appropriate anode voltage), and the 
ionization time, 71, without trigger over-voltage. Thus: 


Ty Ti 
Cre = - (4.6) 


In the absence of precise information it is advisable to adopt a value 
of Cr two or three times larger than that given by Relation (4.6). 


Va Ry Va Ry 
Vs Vs Cr 


(a) (b) 


Cd) 


Fig. 4.6. Trigger circuits arranged for (a) current triggering, (b) capacitor triggering, 
(c) capacitor triggering with Rr to limit trigger current, (d) alternative arrangement 
used where Cr is large. 


If CrRr is large there is an appreciable delay between the application 
of Vg and the rise of trigger potential to the critical voltage. This is the 
basis of various timing circuits discussed later. When a value of Cy is 
used much exceeding that given by Relation (4.6) a series resistor, Rr’ 
(usually a few kilohms), should be used, as in Fig. 4.6 (c), to limit the 
trigger current to a value which will not damage the tube. 

When the values of Ry and Cy are both large even Fig. 4.6 (c) does 
not represent the optimum circuit. The use of Rr’ limits the range of the 
negative resistance part of the trigger discharge characteristic over which 
instability is attained. In consequence, a slightly higher pre-strike current 
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is drawn before the avalanche occurs. This effect (which can be signifi- 
cant when a vacuum photocell is used in place of Rr), can be overcome 
by adding Cr’ as in Fig. 4.6 (d). Here Cy’ has the value given by Relation 
(4.6) and Rr’Cr’ < RrCr. 

Maximum circuit stability requires that the drop across Rr due to the 
pre-strike current, Zp, shall be negligibly small compared with Vr. 
Thus: 

Rr < Velie (4.7) 


With tubes having oxide-coated cathodes the value of Jp depends on 
the level of ambient illumination. For such tubes, Relation (4.7) cannot 
be used to set an upper limit to the value of Rr. 


Pulse Train Triggering 

In Figs. 4.7 (a) and (6) circuits are shown which closely resemble those of 
Figs, 4.6 (c) and (d). In Fig. 7 (a), however, the capacitor Cp is con- 
nected to a source of positive-going pulses. If Vg is made positive, but 


Rr Rt 
if Cp 
| 
L 
ve ARK 


(a) 


Fig. 4.7. Pulse train triggering used (a) with high impedance input to trigger, 
(b) in timing circuit. 


sufficiently less than Vz, no trigger current will flow during the intervals 
between pulses. At each pulse, however, the trigger potential is momen- 
tarily raised, and if the sum of Vs and the positive pulse excursion, Vp, 
exceeds Vp capacitor triggering occurs. 

In timing circuits long but accurate delays can be obtained with 
reasonable values of Cr only if Rr can be made large. This can be done 
if the circuit of Fig. 4.7 (6) is used to reduce the mean pre-strike current 
to a low value. Between positive-going pulses little or no pre-strike 
trigger current flows. Relative to the pre-strike current during the posi- 
tive pulses, the mean trigger current is thus reduced in proportion to 
the space/mark ratio of the pulse train. Due to the relation between 
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trigger over-voltage and time, however, any attempt to reduce mean 
trigger current by using extremely narrow pulses is largely ineffective. 
The shorter pulses require a larger pre-strike current, and there is little 
or no saving once the pulses are reduced to 1 msec duration. Large 
space/mark ratios become beneficial only with pulse repetition fre- 
quencies of 100 c/s or less. The advantages of capacitor triggering 
remain, of course. 

When first described [5], pulse train triggering provided a valuable 
technique whereby large timing resistances or other high-impedance 
sources could be used with the tubes then available. Since that time, 
trigger tubes have been developed [6] in which the voltage/current 
characteristic of the trigger-cathode gap shows a negligible region of 
corona stabilization. With these tubes, adequate performance can 
usually be obtained using capacitor triggering. The Z803U, for example, 
provides reliable triggering with values of Rr as high as 10° ©. If higher 
values of Rr were used, variations of leakage resistance would too 
greatly influence performance. 

Pulse train triggering depends on both the d.c. component, Vc, of the 
trigger voltage and also on the positive pulse amplitude, Vp. In fact, 


Voerit) + Ve = Ve + Vo (4.8) 


where Vo is the trigger over-voltage required by the limited width of 
the positive pulse. The value of Veerity will thus vary in sympathy with 
changes in Vp. This feature has been employed by Hercock and Neale [7] 
and by Young [8] in the design of timing circuits providing intervals 
bearing a power-law relation to the voltage of the a.c. mains supply. 
The design of such circuits is discussed at pp. 118 et seq. Other relations 
are undoubtedly possible. 


Pulse-plus-bias Triggering 
A single positive pulse applied through Cp in Fig. 4.7 (a) will produce 
triggering if a positive bias, Vs, is applied exceeding the value of Voverit) 
given by Equation (4.8). In tubes with pure metal electrodes the high 
stability of the trigger potential makes it practicable to set the bias Vs 
to a value only 2 or 3 V below Vr. A pulse of a few volts amplitude will 
then produce triggering. Depending on the value of Vs chosen, the pre- 
strike current is reduced to less than 19% of that with capacitor trigger- 
ing: smaller values of Vg yield even larger factors of reduction. 

By adjusting the value of bias voltage applied, it is possible to set the 
sensitivity so that triggering occurs at any chosen pulse amplitude 
between 0-02Vr and Vy. To obtain high stability of the trigger potential, 
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however, it is essential to ensure that reverse trigger current does not 
flow. This generally dictates that Vs > Vy. The critical pulse amplitude, 
Vecerit), is then given by 


0-02Va < Vererity < (Ve — Vw) (4.9) 


Because the trigger gap has an increased sensitivity after a large anode 
current has passed (p. 67), low values of Vpcerit) can be realized with 
stability only if a recovery period of 1 sec or more is allowed between 
extinguishing the discharge and re-application of the full d.c. bias. 

When the bias is applied to Rr (Fig. 4.7 (a)) the trigger rises to the 
bias potential with a time-constant CpRr. If pulse and bias are indivi- 
dually insufficient to produce triggering short pulses can produce 
triggering only if the bias anticipates them by more than a minimum 
time interval. Pulse-plus-bias triggering is thus better described as 
‘bias-before-pulse’ triggering. It is essentially a logical process of ‘A 
before B’ rather than a true ‘AND’ gate. 

The rise of trigger potential to the critical bias, Vocerity, occurs in a 
time, t, given by 

Vs 
Va — Vororit 


Knowing the amplitude of the pulse, Vp’, at the trigger, Equations 


(4.8) and (4.10) may be combined to deduce the minimum time by which 
the bias must anticipate the pulse. 


t = CeRrloge (4.10) 


Vs 
Vs — (Va-+ Vo + Ve) 


Attempts to reduce tmin by reducing CpRr lead to differentiation of 
the applied pulse waveform. The pulse appearing at the trigger may 
then hold the trigger above Vr for too short a time to ensure ionization. 

If the input pulse is of rectangular form differentiation by CpRr 
causes its trailing edge to apply a negative-going pulse to the trigger. 
In the absence of d.c. bias this may momentarily increase the anode— 
trigger voltage sufficiently to produce spurious triggering due to anode— 
trigger breakdown. This danger is removed if the applied anode voltage 
is made smaller than the anode breakdown voltage by a voltage at least 
equal to the input pulse amplitude. 

Often the applied pulse rises exponentially. Because CpRr forms a 
differentiating network, the pulse Vp’ at the trigger is then of smaller 
amplitude than the applied pulse Vp. This loss is, of course, most serious 
when the time-constant CpRr is made small in an attempt to reduce 
tmin. Flood and Warman [9] have studied the effect and conclude that 

F 


tmin = CeRr loge (4.11) 
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the peak pulse amplitude Vp’ at the trigger is related to the input pulse 
amplitude Vp by Equation (4.12). 


Ve’ = y. Ve = (eC ** — ee *) (1 — 2). (4.12) 


where x = UCeRr 


oe time-constant of applied pulse 
CrRr 


and 


From Fig. 4.8 it will be seen that if « = 1, Vp’ is only 37% of the 
input pulse amplitude. If the trigger is to receive 85°% of the input pulse 
amplitude, CpRr must be at least 20 times the input pulse time-constant. 


to 


o'8 


OG 


x—- 


Fig. 4.8. Proportion, y, of exponentially rising input pulse reaching trigger through 
CR coupling of 1/« times the pulse time-constant. Abscissa, x = time ~ coupling 
time-constant. 


In making CpRr large enough to satisfy these requirements, it may 
be necessary to use a rather large value of Cp. There is then some 
danger that when trigger-cathode breakdown occurs, a trigger current 
will flow which exceeds the permitted maximum, Jrmax. A series 
resistor, Rr’, must therefore be used in the trigger circuit having a 
minimum value given by Equation (4.13). 


(Vs + Ve — Vx) 


Rr’ (min) = 
Ty(max) 


(4.13) 

When pulses are to be applied to several tubes in parallel it may be 
desirable to use a higher value of Ry’ so that after a tube fires it does 
not unduly load the pulse generator. 

Design procedures for pulse-plus-bias triggering will be given when 
ring counters are discussed. It will then be shown that it is often 
necessary to add a reference line and catching diodes to define accurately 
the bias potential applied to each tube. 
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Voltage Transfer Triggering 

By connecting the trigger electrode to the output of an ‘AND’ gate as 
in Fig. 4.9, a trigger circuit is obtained differing from the pulse-plus-bias 
in these respects: 


(1) A true ‘AND’ logic is obtained (not ‘A before B’). 

(2) After triggering, a momentary interruption of the h.t. supply 
is followed by restriking. (With pulse-plus-bias triggering, the tube 
does not restrike unless a further pulse is applied.) 

(3) Bias stabilization is not necessary. 

(4) Signal reshaping is not necessary. 


Against these advantages, it is found that counting circuits become 
rather clumsy and tubes are required having 
higher anode breakdown voltages than for pulse- 
plus-bias counters. 

Voltage transfer triggering is not a distinct 
method of triggering (such as current triggering 
or capacitor triggering) so much as a method of 
transferring signals from one tube to another. 
The triggering process usually corresponds to 
current triggering, though capacitor triggering Fig. 4.9. Voltage trans- 
can occur. In the design of the logic gates care fer triggering. 
must be taken to see that the self-capacitance of 
the diodes does not cause pulse-plus-bias triggering to occur before the 
functional (e.g. ‘AND’) requirements of the gate are satisfied. In Fig. 
4.9, for example, the sudden appearance of an input at B might cause 
a momentary positive pulse to appear on the trigger even though A is 
still in the ‘off’ condition. 

Beesley [10] has described problems arising in the use of voltage- 
transfer methods for a wide range of operations. Not only ‘AND’ gates 
are used in these circuits: there is no restriction on the type of gate 
which may precede a tube. 


Cathode Triggering 
All the triggering methods discussed above have involved raising the 
trigger potential. A less often used alternative comprises depressing the 
cathode potential until the necessary trigger-cathode voltage is pro- 
duced. 

In Fig. 4.10 (a) V2 is triggered by a negative-going pulse applied to its 
cathode from the anode of i; via Ci. This provides a means of striking 
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V2 sometimes useful for its relative freedom from interaction with 
circuits attached to the trigger of Vi. It has the disadvantage, however, 
that, to prevent the flow of reverse trigger current, Rx must be kept 
low: 


Rx 
(Rit Re’ (Vs — Vu) < (Vs — Vw) 
Vis — Vu) 
whence Rx < Ra/ Ws — Vu) — 1| (4.14) 


Consideration of the term (Vp — Vm)/(Vs — Vn) shows that, due 
to tolerances on the values of Vm and Vy, reasonably large values of 


vi 
ena 
Vs 
{o) 


Fig. 4.10. Triggering by negative pulse from V1 to cathode of V2, (a) with 
resistance, and (5) with diode in cathode of V2. 


+Ve 


Rx may be used only by using a low value of Vg and by making Vs 
approach Vmin). 

The pulse required to trigger Ve must have an amplitude exceeding 
(Vaimax) — Vs). Cathode triggering therefore requires a low-impedance 
source if the input is applied to a cathode resistor as in Fig. 4.10 (a). 
The discharge of C, through V, and Rx provides such a source. 

Where rapid continuous triggering of V2 is required (e.g. on each cycle 
of an a.c. power supply), the large value of C, dictated by the circuit of 
Fig. 4.10 (@) can lead to an excessive mean cathode current in Vi. The 
circuit shown in Fig. 4.10 (6) allows a relatively high-impedance trigger 
source to be used, even though Ra may be quite low. Before either tube 
is triggered, D, is held conducting by the small priming current flowing 
through V2. (In the absence of a priming anode, 10 or 20 MQ may be 
connected between Ve cathode and the h.t. rail.) When V1 fires, Di is 
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cut off and the cathode of Vis driven negative to a voltage —(Vp — Vm). 
The peak inverse rating of D must be sufficient to withstand this voltage, 
since this will be applied (decaying with a time-constant C, Rp) until 
V2 strikes. Thereafter the cathode current of V2 causes Di to conduct, 
and the cathode of V2 is thereby held at ground potential. With this 
arrangement there is no danger of reverse trigger current provided 
Vs > Vycmax)- 


Extinguishing Trigger Tubes 

The methods by which a trigger tube may be extinguished are similar 
to those available for the diode. In trigger tubes, however, the anode- 
cathode and trigger-cathode discharges must both be extinguished and 
in the correct sequence. With most tubes — particularly those having 
pure metal cathodes — it is important to ensure that reverse trigger 
current flows at no time. This means the anode gap must be extinguished 
before the trigger gap, as otherwise the trigger will behave as an auxiliary 
cathode. If this happens, traces of the trigger electrode material will be 
sputtered on to the cathode, contaminating its surface and rendering 
the tube characteristics unstable. 


Series-switched Extinguishing 

The simplest way of extinguishing a cold cathode tube comprises 

opening a switch in the h.t. supply. With a close-tolerance tube the 

switch must remove the trigger bias after the anode discharge has 

collapsed. In Fig. 4.11 (@) this may not happen, since the anode de- 

coupling capacitor may delay extinction of the anode circuit longer 
Ss Sy 


+ + 


(9) (b) 


Fig. 4.11. Series-switched extinguishing circuits (a2) unsuitable, and (5) suitable 
for close-tolerance tubes, 
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than it delays extinction of the trigger circuit. Fortunately Fig. 4.11 (6) 
represents a more commonly met arrangement, and here the capacitor 
C ensures the correct sequence of quenching. 


Shunt-circuit Extinguishing 

A common requirement, notably in timing and control circuits, is that 
the trigger tube shall energize a relay which then operates to extinguish 
the tube. Fig. 4.12 (a) shows one such arrangement. When / fires, 


Fig. 4.12. Shunt-circuit extinguishing arrangements. In (a) failure of contacts 
a/2 may lead to damage to tube. In (6) no such danger arises. 


trigger and anode fall to their maintaining voltages, Vw and Vu 
respectively. Relay A/N energizes and contacts a/1 close the latching 
circuit through Rp. The anode discharge is then extinguished if the 
potentiometer formed by Rp and the relay resistance, Rr, pulls the 
anode potential below Vm, i.e. if 


Vu 
eed ee 
eS ata 


Relay A/N also closes contacts a/2 so that, by a similar process, the 
trigger discharge is extinguished if 


R (4.15) 


(4.16) 


To allow for component and supply voltage tolerances, it is advisable 
not to exceed 0°7 of the value for Rp and Rp given by Relations (4.15) 
and (4.16). 

The arrangement shown in Fig. 4.12 can cause reverse trigger current 
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to flow unless a/2 is made to close after a/1. Even then, a single failure 
of a/1 (due to dust or contamination of the contacts) will cause perma- 
nent damage to the tube. 

These limitations are removed in the circuit shown in Fig. 4.12 (8). 
Before operation of the contacts a/1, the anode is above the trigger 
potential, and Dj, is therefore cut off. When the relay contacts a/1 close, 
however, the hold-on resistor Rp pulls the anode potential not only 
below Vy (thereby extinguishing the anode discharge) but also below the 
trigger-maintaining potential, Vx. D, then conducts to lower the trigger 
potential and extinguish the trigger discharge. Correct operation requires 
that 

Vy 
Rp < Wa — Vu) . Re 

The back resistance of D; must be high compared with Rs: in timing 
circuits a good silicon diode may be required. In timing circuits it may 
also be convenient to put Rp = 0 so that D, will discharge C completely 
ready for the initiation of another timing interval. 

The diode De is needed because the reset contacts, $1, have been put 
in the shunt circuit path. Opening S; interrupts the current through the 
relay. An inductive kick is thereby produced which, but for De, would 
swing the anode potential of Vi above Vz. If the upward swing took 
the potential above Vig anode-cathode breakdown would occur. D2 
catches the anode potential at Vz and provides a discharge path for the 
energy stored in the relay coil. The peak inverse voltage applied to 
D2 is Vg. Rr/(Re + Re) and the peak current is Vp/(Rp + Rr). It is 
good practice to use a surge-absorbing diode across any inductive 
anode load, even when the reset contacts are in the h.t. line as in Fig. 
4.12 (a). 


(4.17) 


Common-anode-load Extinguishing 
A special form of shunt circuit extinguishing is that in which two or 
more tubes share a common anode load as in Fig. 4.13 (a). A cathode 
load Rx or a relay Rp is energized so long as Vi is conducting. When V2 
is subsequently triggered the anode discharge of V1 is extinguished, pro- 
vided that the anode-maintaining voltage of V2 is less than that of 14. If 
this is not the case extinction can still be ensured by returning the cathode 
of V2 to a potential sufficiently negative with respect to the cathode of 
Vi. 

Often it is inconvenient to have to grade the anode-maintaining 
voltages or the cathode potentials of the tubes in this way. Alternative 
methods involve shunting Rx or Rx by a suitably large capacitance. 
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The more common arrangement comprises shunting the cathode 
resistors, as shown in Fig. 4.13 (6). While Vi is conducting, Cx: charges 
to an equilibrium value. When V2 is triggered the cathode of Vi is held 
positive by Cx1, while that of V2 is initially at ground because Cx has 
yet to charge up. If the circuit time-constants are correctly chosen, Vi 
cathode will remain above V2 cathode long enough for Vi to deionize. 


Fig. 4.13. Common-anode-load extinguishing (a) with V2 chosen to have a 
lower maintaining voltage than Vi, and (6) with similar tubes. 


Flood and Warman [9] have shown that a conservative estimate of 
the minimum value of Cx providing reliable quenching may readily be 
calculated. 

If in Fig. 4.13 (6) V1 is being extinguished its cathode potential, Vxi, is 
given by 

Vai = Vx.e-* (4.18) 


where « = 1/RxCx (4.19) 


and time, ¢, is measured from the instant at which V2 is struck. 
The cathode potential, Vxe, of V2 is given by 


Vax = Ve. (1 — &#) (4.20) 
where p= «.(1+55) 


Now as Vi decays, the voltage across Vi increases. The danger is that 
the tube may restrike when the applied voltage rises to Vu. Since V2 
is conducting, this state is reached when the voltages across Vi and V2 
are equal, i.e. when V1 = Ve. Provided Vi has deionized before this 
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state is reached, there is no danger of its restriking. Since the tube 
deionization time, Tp, is normally quoted with reference to a voltage 
substantially in excess of Vm, it is sufficient to choose Cx so that 
Vi = Vxe at a time T = Tp. 

Thus combining Equations (4.18) and (4.20), 


e-¢r = 1 = eA tRg/ Rg). er (4.21) 


From Equation (4.21), «T has been plotted in Fig. 4.14 as a function 
of Rx/Ra. Thus, once the ratio Rx/Ra is known, «7 may be read from 


Fig. 4.14. Design curve for determining minimum value of CxRx in Fig. 4.13 (6). 
(CxRx)min = Deionization time + «7. 


the curve of Fig. 4.14 and may be inserted in Equation (4.19a) to 
derive Cx min). 


Tp 


af Rx (4.19a) 


Cxmtn) = 


Design Procedure for Cathode Capacitor Extinguishing 
(a) Choose a suitable value for Vp. There are two possibilities: 


(i) That (any) one tube must strike when Vz is applied. In this case, 
choose Vz so that 
Vga > Vice(max) 


(Unless the rate of rise of h.t. voltage is restricted, more than one 
tube may strike simultaneously.) 

More commonly, (ii) no tube must fire due to anode—cathode break- 
down. Thus Vg is chosen so that 


Vp < Vie(miny 


Typically, Vz is then put between 0°80 and 0:95Via. 
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(b) Determine Ra so that Ixqpeak) is not exceeded when a tube is 
struck with Cx discharged. 


Ra > (Vacmax) — Vatiminy)/ Ex peak) (max) (4.22) 


(c) Determine Rx to provide the required minimum output voltage, 
Vixcmin). 
Racmax) 7 Vxcmin) 


Rx 2 


= 4.23 
Vpimin) — Vacmax) — Vx(min) ( ) 


The maximum value of Vx which may be attained is limited by the 
necessity of keeping Jx in the region of normal glow. Thus Rx cannot 
be made much greater than Ra and is often about equal to Ra. 

(d) Knowing Rx and Ra, use Fig. 4.14 to determine «T. 

(e) Insert this value of «T in Equation (4.19a) to determine the 
minimum safe value of Cx. 

Tp 


al Ra (4.19a) 


Cx(min) = 


Pulsed-anode Extinguishing 
Fig. 4.15 indicates a further method whereby a trigger tube may be 
extinguished. A negative-going pulse is applied through capacitor C to 
hold the tube anode below V4 long enough for deionization to occur. 
The trigger discharge is extinguished by the diode D, as described 
earlier. 

If the pulse comprises a negative-going step function of amplitude 


Vy, then the anode potential of Vi first falls by Vr and then rises ex- © 


ponentially towards Vg. Thus: 
Vs = Vea — (Va — Vu + Vr). et! CRs 


‘The minimum value of C providing reliable extinguishing is that for 
which V4 rises to Vy in time ¢ equal to the deionization time, 7p. Thus: 


(Vs — Vu) = (Va — Var -+ Ve). e7?D!Comim®a 


whence Cimin) = z + loge (1 + nen) (4.24) 

In the arrangement shown in Fig. 4.15 (a) there is a danger that the 
quenching pulse may become sufficiently differentiated by C and Ra 
to cause anode—cathode breakdown on the positive spike produced on 
the return edge of the pulse. This danger arises only if Vr exceeds 
(Vig — Vx). It may thus always be avoided by keeping Vr small and 
C. Ra large. Alternatively, a catching diode Dz can be used as indicated 
to limit the positive swing to a safe value. 
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This problem does not arise with the arrangement shown in Fig. 
4.15 (6). Two tubes, Vi and V2, are used in complementary manner 
so that ignition of one applies an extinguishing pulse through C to the 
anode of the other. When similar tubes are used, 


Vy = Va — Vu 
Thus, from Equation (4.24), 
Ciminy = 1:447p/Ra (4.24a) 


As Tp is normally quoted with reference to an applied anode voltage 
in excess of Vm, this value of Ciminy should be conservative. On the 


Fic. 4.15. Pulsed-anode extinguishing (a) by independent pulse source, and 
(6) by complementary tube, V2. 


other hand, it is based on the assumption that the value of Vy is the 


same for both tubes. A spread in the values of Vy calls for a larger value 
of C. This may be calculated rigorously from Equation (4.24), but in 
practice a sufficiently accurate and conservative estimate of Ciminy is 
given by Equation (4.24b). 


Cimin) = 15( Ra (4.24b) 


Vp — Vecmin) ; Tp 
Va eel Vmax) 


Extinguishing by Pulsing of H.T. 


Any number of tubes may be extinguished simultaneously by pulsing 


the h.t. supply rail below V4 for a time exceeding the tube deionization 
time. 

For circuits which do not have to operate at high speeds, unsmoothed 
rectified a.c. of mains frequency may be used for the tube anode supply. 
If the trigger potential is maintained above Vp the tube will trigger as 
each cycle of the power supply carries the anode voltage above Vm. 
The tube will thus carry pulsating current so long as the trigger is held 
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positive. Provided the supply frequency does not exceed a few hundred 
cycles per second, the tube wiil deionize each time the anode supply falls 
below Vm. Hence the tube fails to restrike on subsequent cycles if the 
positive trigger bias is removed. 

Brierley [11] has described in detail a range of automation circuits 
based on a refined use of this technique. In this system, (ACCESS’), the 
trigger inputs are also in the form of alternate half-sines. A tube will 
fire only when it receives a trigger input in phase with the alternate half- 
sines applied to its anode. It is thus possible to pass half-sines of 
complementary phases through a single wire to control independently 
two trigger tubes having anode supplies derived from opposite half- 
cycles of the mains supply. By simple means, the ‘ACCESS’ system 
therefore combines the following advantages: 


(1) Automatic extinguishing of anode discharge on removal of 
input. 

(2) ‘A’ and ‘B’ signals may be transmitted over the same wires. 

(3) Tube responds only to ‘A’ or to ‘B’, depending on phase of 
anode supply. 

(4) Tube responds to ‘A’ and to ‘B’ if full-wave supply is provided 
to anode. 

(5) Circuits and power supplies are simple and reliable. 


Young [14] has reported further refinements of the system, notably 
a single-tube circuit for translating a signal from phase ‘A’ to phase “B’ 
and a ‘NOT?’ gate. Unfortunately, his circuits depend for their action on 
the passage of reverse trigger current, and this impairs tube stability. 

Circuits operating at higher speeds generally call for h.t. pulses of 
substantially rectangular waveform. Since the ‘off’ period must be 
sufficiently long to ensure deionization, the maximum repetition rate is 
limited by the deionization time of the tubes employed. As the ioniza- 
tion time of a tube is generally much shorter than its deionization time, 
the on-off ratio of the h.t. pulse may be quite small. Accordingly, in 
complicated high-speed circuits several pulse phases may be used, each 
controlling a separate group of tubes. Pulse generators used for this 
purpose may be of either the series or the shunt stabilizer type. In a 
circuit described by Flood and Warman [12] the h.t. supply is through a 
cathode follower, both grid and cathode of which are dragged to a low 
voltage when positive-going pulses are applied to the grid of a shunt 
valve. 
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Self-Quenching 
Just as a cold cathode diode discharge may be made self-quenching by 
using an appropriate series resistance and shunt capacitance, so either 
the anode or the trigger discharge of a trigger tube may be made self- 
quenching by similar means. When the tube strikes, the voltage across 
the gap falls to its maintaining voltage. The capacitor discharges rapidly, 
producing heavy ionization of the tube. Consequently, although no 
further ionization takes place once the gap voltage has fallen to the 
maintaining voltage, the removal of ions from the gap constitutes a 
continued flow of current. If this exceeds the current flowing in the 
series resistor the capacitor will be discharged below the normal main- 
taining voltage. As the ion current decreases, the capacitor will begin 
to recharge. Provided that it takes longer than the deionization time Tp 
to reach the gap voltage for which Tp is quoted, the discharge will not 
immediately restrike. 

Fig. 4.16, due to Crowther and Gimson [13], shows the relation 


Ra 


to? 107 Ca 104 105 pF 106 


Fig. 4.16. Relation between minimum values of C4 and Ra providing self- 
quenching of anode—cathode discharge in CV2434, 
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between Ca and the minimum value of Ra providing self-quenching in 
the anode gap of a CV2434 (Z803U). When Ca exceeds about 0°01 pF. 
the minimum value of Ra is substantially constant and is determined by 
the ion current mentioned above. For smaller values of C4 it is necessary 
to increase R4 to ensure the gap voltage does not recover in less than the 
time 7p. 

With large values of Ca (or Cr in the trigger circuit) a resistor must 
be connected in the capacitor discharge path to limit the peak discharge 


+ + 


Ra Ra 


CA Ca 


Ro Ro 


(9) (b) 


Fig. 4.17. Tube operating in self-quenching mode to generate low-impedance 
pulses of (a) positive and (5) negative polarity. 


current to a value which will not damage the tube. The limiting value 
of trigger current is much lower than the limiting value of anode current. 
Accordingly, limiting resistors are needed with values of Cr much 
smaller than the values of Ca which may be used without series resistors. 

A series resistor is also used to develop an output pulse at low 
impedance. The pulse polarity may be positive or negative, depending 
on whether the resistor is connected in the position shown in Fig. 4.17 (a) 
or in that of Fig. 4.17 (6). The pulse amplitude cannot exceed (Vig — Vm), 
and in practice is significantly less. During the pulse the output imped- 
ance is low, being given approximately by the parallel impedance of Ro 
and the tube. The tube impedance is indeterminate, but may be taken 
to be somewhat less than 1 kQ. Thus a self-quenching discharge may be 
used to generate sharp, low-impedance pulses from which cathode 
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triggering may be effected according to Fig. 4.10 (6). Alternatively, a 
self-quenching discharge can be used to apply pulses simultaneously to 
the triggers of a number of tubes, as in pulse-plus-bias triggering. 
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CHAPTER FIVE 
Trigger Tube Circuits and Applications 


Some basic circuit techniques were discussed in the preceding chapter. 
Here it will be shown how they are combined with further techniques 
to solve specific problems. 


Relay Circuits - 

Trigger tubes are widely used to indicate change of state of an input 
quantity. Typical examples are various types of alarm and protection 
circuits responding to touching of a contact [1], failure of a flame [2, 3], 
or breaking of a thread [3]. All these devices operate from a relatively 
large change of input level. Circuits differ considerably, depending 
whether or not they are to reset automatically when the input returns 
to its normal state. In some cases the need for a fail-safe design demands 
that the tube be normally conducting. A cessation of current flow then 
indicates a fault condition. 


Touch-circuit Design 
The trigger circuit shown in Fig. 5.1 is typical of that used in touch- 
operated devices. Contact X may be a probe supported over the surface 


Fig. 5.1. Touch-operated relay, suitable for liquid level control. 


of a liquid. When the level rises so that the surface touches X, a circuit, 

Rtoucn, is formed through the liquid to a submerged electrode, Y. In 

another application X is the wire of an electric fence. When an animal 
88 
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forms a circuit between fence and ground the trigger tube fires and applies 
a high-voltage pulse to the wire. 

In designing circuits of this type, Ri must be chosen to satisfy two 
requirements: 


(1) In the absence of Riouch the minimum leakage resistance, Rieax, 
across X and Y must not fire V1 with the maximum supply voltage 
Vz and the minimum trigger breakdown voltage, Vr. 

(2) With the highest value of Riouch and no leakage, firing must 
occur with Vg at a minimum and Vr at a maximum. 

These two conditions give respectively: 


Ri 
Ri + Rieak 


and V Ri 
B(min) - Bsa? 
Ri + Rtouch(max) 


Vs (max) . < Vewmin) (5.1) 


> Ver(max) (5.2) 


Combining these two relations, upper and lower limits for Ri are 
given by Relation (5.3). 


Vir min) Veimax) (5.3) 


Rieax . > Ri > Rtouch(max) . 


Vs(max) — Virmin) Ve(min) — Vr(max) 


Assuming Relation (5.3) can be satisfied, R, should be chosen to 
provide approximately the same factor of safety in each half of the 
relation. For example, if the upper and lower limits for R1 differ by a 
factor of 10, Ri should be made about one-third of the upper limiting 
value, not one-half. Thus 


Rioptimum) = (Riimax) X Rimin))* (5.4) 


Rr’ is required to limit the trigger current in the event of a short 
circuit between X and Y. Thus 
Va(max) — Vin 


Ry’ > (5.5) 


It (max) 

A check should be made to ensure that Relation (4.7) is satisfied, 

remembering that Rr’ is increased by the resistance of Ri and Rtoucn in 
parallel. Hence from Relation (4.7), 


Ri. R Vi 
Rv’ + i touch (max) git 


Ri + Rtouch(max) Ip Ce 


The same design procedure may be applied also to photoelectric 
control circuits in which a photoconductive cell is connected between 
X and Y. 

G 
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EXAMPLE 5.1 Touch Circuit Relay 

A touch-operated intruder alarm is required to respond to contact to 
earth through 100 kQ. Leakage resistance may be as low as 1 MQ. 
Using a CV2434 (Z803U), determine Ri and Ry’ for Vp = 240 V + 20V, 
Vr = 128 to 137 V, Jp = 3 x 108A. Restrict trigger current to 0-5 mA. 
Vy ~ 90 V. 


(a) From Relation (5.3), evaluate the upper limit of Ri. 


Vr min) 


Ri max) = Rieak . (5.3a) 


Vavmaxy — Veecmia) 
128 


(6) From Relation (5.3), evaluate the minimum value of R:. 


Ver(max) 


Rimin) = Rtouch . (5.3b) 


Va(miny — Vir(max) 
137 


= 105 ,———__ = 
10°. as = ML ke 


(c) Choose optimum value of R1. 
Ricopty = (Ritmaxy X Ricminy)* (5.4) 
= (1:39 x 108 x 111 x 108)t 
= 392 kQ, say 390 kQ 
(d) Determine Rr’ to limit the maximum trigger current. 


V; ax) —~ 
Re’ > Vetmax) — Vin (5.5) 


It (max) 


= ccm = 300 kQ, say 330k2 


(e) Check that the trigger circuit resistance is not excessive. 


t Ri . Ritouch _ 390 . 100 = 
RETR Ria OF O00 + 100 mek 


Ve 132 


Hence Relation (5.6) is satisfied handsomely and the design is 
acceptable. 
(f) From manufacturer’s data, Cr = 2,700 pF. 


Solution: Ri = 390 kQ, Rr’ = 330 kQ, 
Cr = 2,700 pF. No close tolerances required. 
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Degenerative Voltage Stabilization 

Using a circuit of the type shown in Fig. 5.2, an amplifier may be 
constructed in which a trigger tube provides a pseudo-continuous con- 
trol characteristic. The values of C, and Ri are chosen so that an input 
Ey exceeding Vip produces relaxation oscillations (p. 38) in the trigger 
circuit. In the anode circuit C2 and Re are chosen so that when the 
trigger circuit discharge occurs, an anode-cathode discharge is produced 
which is also self-quenching. By making C2Rez small enough to allow full 


Fig. 5.2. Amplifier providing pseudo-continuous control. 


recharging between successive discharges, a linear relation is obtained 
between mean anode current and the frequency of firing of the trigger 
circuit. C3R3 is made sufficiently large to smooth the current pulsations 
through Rg and an output voltage, Eo, may be obtained across C3 which 
is a function of the input voltage Ey. 

Goulding [4] has shown that, using a suitable tube, an effective 
‘mutual conductance’ of 500 uA/V should be obtainable. In practice, 
he finds statistical variations in the trigger potential reduce this to about 
150 uA/V. This is nevertheless sufficient to make practicable a shunt 
stabilizer in which a trigger tube is used as an amplifier. 

Goulding describes two circuits similar to that of Fig. 5.3. A potentio- 
meter formed by Rx and Ry applies part of the output Ep to the trigger. 
The trigger striking potential, Vir, serves as the voltage reference. If the 
output rises above (1 + Ry/Rx) . Ve, trigger circuit oscillations occur 
and the consequent flow of anode current produces a voltage drop 
across Rs restricting the rise in output. 

A full analysis of this circuit would appear to be difficult, but Goulding 
describes alternative designs providing (a) 360-420 V at 0-3 pA from 
a 600-800-V d.c. supply, and (6) 151-165 V at 0-80 uA with an output 
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impedance of 10 kQ. For battery-operated Geiger counters, this type 
of circuit proved attractive in its economy of current consumption and 
in having an output voltage adjustable without adverse effect on output 
impedance. 

A circuit arrangement due to Kerr and van Vlodrop [5] bears a 


Fig. 5.3. Degenerative voltage stabilizer, suitable for low currents at com- 
paratively high voltages. 


superficial resemblance to that of Goulding, but is superior as regards 
both ‘designability’ and performance. It allows some tens of milliamperes 
to be delivered at an output impedance considerably lower than that 
provided by a conventional stabilizing diode. 

Consider first the performance of the basic circuit shown in Fig. 5.4 


Fig. 5.4. Degenerative trigger tube shunt stabilizer providing current ~Jg and 
voltage < Vig. 


if the trigger tube V1 is omitted. The bridge rectifier supplies the load Rr, 
through the series resistance R, and diode D;. Assuming(Ra + Rp) > Ri, 
the waveforms obtained across the rectifier bridge and the output would 
be as shown at (a) and (6) respectively in Fig. 5.5. The rectifier bridge 
provides an output comprising a train of half-sines of amplitude Vm4/2. 
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Between time ¢o and #1 on each half-sine, the bridge output is less than 
the voltage remaining across C. Accordingly, D1 is non-conducting 
during this time. At t1, Dy conducts and C recharges through R1. 
Current flows through Ri over only a fraction of the complete cycle. 
While it flows, therefore, the current substantially exceeds the mean 
output current. Although R; is not large, it will give rise to an appreci- 
able voltage drop and immediately after 4 the output voltage curve (6) 
rises less rapidly than curve (a). Between ft; and fz the output capacitor is 


Fic. 5.5. Voltage waveforms corresponding to Fig. 5.4. 


charging, but at fg the bridge output falls below the voltage on C and 
the diode D; cuts off once more. The output voltage then falls as C 
discharges through Ry, and this continues until time ty is reached on the 
following cycle. 

If, now, the circuit is considered with the trigger tube Vi in position 
the broken curve (b) is replaced by the full line (c). Because the trigger 
tube stabilizes the output voltage at a reduced value, the time 4 at 
which D, conducts is advanced to ¢1'. Thereafter C charges until time 
te’ at which the potential divider formed by Ra and Rg applies a trigger 
voltage sufficient to fire Vi. The anode current drawn by VY, then holds 
the potential at point A below that of the capacitor C. Thus Dj is cut 
off and the output voltage falls slowly as C-discharges through Rx until 
on the next cycle D, conducts again. 

At the end of each cycle the trigger tube discharge extinguishes as 
the output voltage of the rectifier bridge falls below Vm, the anode 
maintaining voltage. Thus Vi does not conduct again until time fe’ is 
reached on the following cycle. 

It is evident that, provided the circuit has been designed successfully 
to work according to the scheme described, the peak value of output 
voltage (neglecting the drop across D, when conducting) is given by 


Ra + Re 


RR: Vy (5.7) 


Vo peek) = 


94 - Cold Cathode Tube Circuit Design 


Within certain limits, therefore, Voqeax) is independent of Vm, but 
may be varied by adjusting Ra/Rp — by inserting a potentiometer Rp 
between Re and Rg as indicated in Fig. 5.4, for example. Also it will be 
seen from Equation (5.7) that Vocpeaxy is independent of the load current 
(again within certain limits to be noted later). The ripple in the output 
voltage depends on the value of capacitance it is practicable to use for C. 
The mean output voltage falls as the ripple increases, and the regulation 
of the stabilizer therefore depends primarily on the value of C. 

When C is made large the amplitude V; of the ripple is small and the 
discharge of C may therefore be considered approximately linear. Con- 
sequently, the mean output voltage may be written as 


Vomean) = Vo(peax) — 4Vr (5.8) 
But Vy = hh. talC (5.9) 
where ta = discharge time of C. 
The output impedance of the stabilizer is given by 


ae dVocmean) 
dit 


Hence, from Equations (5.8) and (5.9), 
Ro hta/C (5.10) 


(This ignores the variation of ta with J, but leads to a slightly 
pessimistic result.) 


Ro = 


Putting ta = 1/4f, where fis the supply frequency in cycles per second, 


Rom He (5.10a) 

Hence, if C = 50 pF and f = 50 c/s, an output impedance of about 
50 Q may be expected. In practice, the variation of ta with Jz, lowers this 
figure and, with the values considered above, Ro ~ 30 Q. The corres- 
ponding amplitude of the ripple in the output is 4 V at 10 mA output 
current. 

Determination of component values can be a complex problem if 
tolerances of Vm and Vo are to be accommodated without making Vm 
needlessly high and without exceeding the limiting current ratings of Vi. 
Although it makes certain approximations, the following treatment 
leads to a design procedure which is quite straightforward and suffi- 
ciently accurate for most purposes. 

First it is assumed that C is made so large that the ripple voltage 
becomes negligible compared to Vo and Vm. Then, for given values of 
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Vm, Vo, and Ri, the maximum output current at which Vo can be 
maintained is given by 


As Va y2 .. pe 
toma = 2 f Rin 8. db — ER (5.11) 


where a and b are the values of 6, as indicated in Fig. 5.6, at which the 
instantaneous value of Vm is equal to Vo, 


Vo 


i.e. a= sin! = 5.12 
Var (5.12) 
Vink | 
dt 
Oo oa $ db wT 


Fig. 5.6. Inter-relation of rectifier conduction angle (a to 5), supply voltage (Vm) 
and maximum output voltage (Vo) across reservoir capacitor. 


From Equation (5.11), 


2 tf, ; af 2. 
Tovmax) al Vny2f sino. ao — f rs. ao} 


whence 


2 bd : Vo 
=e 2 Vo?) ay “ 
To(max) mR { (2 Vin 0 ) Vo e sin} rin) } (5.13) 


Now, since this is a shunt stabilizer, removal of a load requires that 
Ioimaxy Shall flow through the shunt tube, Vi. Hence Jocmax) must not 
exceed the maximum average cathode current of Vj. The dangerous 
condition is, of course, when the a.c. supply has risen to (1 + ri). Vm 
and when a low value of Vo is required. (The values of Ry and Ra must 
be chosen to allow Vi to hold the point A below the minimum output 
voltage. In the absence of an external load, the current drawn by V1 is 
thereafter substantially independent of the set value of Vo.) In the no- 
load condition, 


2 
Dix(av) (max) > {« + 1) Vins/2P — Vo min)? — 


TR : 
win) ( Z— sinct — Voemm 
Vo min) (5 sin a el (5.13a) 
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Insertion of known values of r1, Vm, Vo, and Ixav) (max) leads to 
evaluation of Ri. If Vm does not greatly exceed Vo, however, the peak 
cathode current, Zx(px), might exceed the maximum permissible value, 
Tx px) (max)- 

If Vm = k . Vo, the curve of p versus k in Fig. 5.7 simplifies a check 
that the limit is not exceeded, i.e. that 


Tx(px) = p . Fxtavy) S Tiecpx) (max) (5.14) 
With most trigger tubes there is little danger of exceeding this restric- 


50; 


p x uppeak 
LTaverage 
WHERE usl FOR FULL~WAVE RECTIFICATION 
OR uzl,FOR HALF-WAVE RECTIFICATION 


K rd 
Fig. 5.7. Design curve for circuits operating on rectified sinusoidal a.c. 


tion provided the tube is operating on every half-cycle of the a.c. supply. 
If the rectifier bridge is replaced by a half-wave rectifier, however, the 
value of Ixav) (max), averaged over the conducting half-cycle only, is 
doubled. The value of Ixiav) (max) is not doubled, however, and the 
acceptable value of p is thus halved. As a result, the value of k may have 
to be raised in order to reduce p. 

When the value of Ri has been determined for given values of Vm 
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and Vo it is necessary to know that the requisite value of Jo¢max) can be 
supplied under the most adverse conditions, i.e. (1 — re). Vm and 
Vocmax). 

If one assumes, first, that Vocmax) = Vocminy = Vo, then 


(1 — r2)Vine/2 — Vo 


Tpxivm low) = Ri (5.15) 
d Ge 
i Tpxcvm nigh) = Ge rreva Wt (5.16) 


Combining these expressions, 


1 G—n).Vav2—Vo , 
Pp U+th).Vay2—-hnooe 


tie as RG eae 
+r). eee 


1 
davivm low) = p . Tpxtvm low) = 


ace Lav(Vm low) — q. Tav(Vin high) pes 


(5.17) 


In designing a stabilizer for a constant output voltage Vo and maxi- 
mum current Jo, q is first determined as Jo(max)/Ixqv) (max), Where 
Tx av) (max) relates to the trigger tube to be used. The lowest value of 
k is selected which will conform to the value of q and the supply voltage 
tolerance +r. The value of p corresponding to k is determined from Fig. 
5.7 and R1 is calculated from Equation (5.18). 


_a + ri). Vnv/2 — Vo 


Ri 
P « Fxcav) (max) 


(5.18) 

When Vo is to be adjustable from Voqnin) to m. Vocmin) a higher 
value for k is required. The most difficult condition now corresponds 
to an input of (1 — re). Vm and an output of m . Vocminy. The maximum 
average output current in this condition is given by 

,1 

Totav) (max) woos Tox 
Pp 
1 d= 1). Va/2—_m. Vo 
Pp Ri 


Combining Equations (5.16) and (5.19), 


(5.19) 


Tovav) (max) = 1 a as re) . Vine/2 —m. Vo 
IpxiVm igen) =P’ (lL +1). Vav/2— Vo 


The minimum value of Vm corresponds to the limiting condition of 
Relation (5.14). 
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» — Jovy) (max) ~ (i — re). Vne/2 — m. Vo 
= Iktav) (max) a + ri) . Va 2 = Vo 


_~d—n.kVv2—m 


5.20 
| Gon. RVi—1 eAt) 
where r= 4(ri + re) 
Vn’ ry — re Vin 
ri oe a 5.21 
and K Voimin) (1 eh 2 res oy) 
From Equation (5.20), 
k’ oan u (5.20a) 


“WHat VE 
Once k’ has been determined, Vm, p, and R; may be found as for the 
case in which Vo is constant. R4 may be determined from 


hes Voiminy — Vc (5.22) 
p. Tx (av) (max) 
Finally, 
Re =m. Ra (5.23) 
Rs = ( Ft _ 1) .mRe (5.24) 
Vr 


and so that the potentiometer chain shall not appreciably load Ri, Ra 
must be made as large as possible. It is not practicable to use a trigger— 
cathode capacitor, however, and hence the trigger circuit impedance is 
restricted by the limitations imposed by Relations (4.4) and (4.5). Thus 


RaRs Vr — Vw 


Pee ibintd ecco 5.25 
Rr Ra + Rp < Tr ( ) 
When Vo = Vr, Rp = Ra. The Relation (5.25) simplifies to 
Rie SO (45*) (5.25a) 
Ty 


Where Ip = transfer current for Va = 2Vr. 

It will be seen also that, for lower values of Vo, Rp decreases and Ir 
increases. 

Consequently, Relation (5.25a) is approximately true for all practical 
cases. 

If Racmax) is exceeded the tube will not trigger at the required anode 
voltage. If Ra approaches within an order of Ramax) triggering becomes 
erratic due to hysteresis effects (p. 67). A practical value for Ra is thus 
given by 
~ Vr— Vs 
~ 10. tr 


where Ir = transfer current for Va = 2Vr. 


Ra (5.25b) 
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No mention has yet been made of resistor tolerances. When these are 
considered it is found that a tolerance +-w demands that Rp be increased 
by the factor (1 -+ w)/(1 — w) while Rs and q’ are reduced by the same 
factor. 


Performance Limitations 
The foregoing treatment should not be taken to indicate that, by using 
sufficiently large values of C, any desired degree of stabilization is 
possible. When C is increased to reduce the ripple to a very small value 
the trigger potential rises very slowly once the diode conducts. It can 
then happen that, when the trigger tube is lightly loaded (i.e. the 
stabilizer is operating near to full load), the trigger tube will conduct 
only on alternate half-cycles of the supply. The ripple frequency will 
then be that of the supply (instead of double the supply frequency) and 
the ripple voltage will be approximately twice the calculated value. 
‘Trigger hysteresis’ (p. 67) can lead to significant regulation effects. 
If, for example, the supply voltage is abruptly increased the immediate 
effect may be a slight rise in Vo. At the new supply voltage, however, the 
trigger tube is required to carry an increased current. The consequently 
increased heating of the tube produces a depression of V7, and hence 
of Vo. Thus trigger-tube shunt stabilizers may prove to be slightly over- 
compensated in respect of supply variations. On the other hand, the 
same mechanism leads to an observed output impedance lower than the 
calculated value — provided observations are delayed for a time equal to 
the thermal time-constant of the tube (usually less than 10 seconds). 
Limitations such as these preclude the use of the trigger tube shunt 
stabilizer where the very highest stability is required. On the other hand, 
a stability of +2°% is well within its capabilities. 


Voltage and Current Limitations 

The simple stabilizer of Fig. 5.4 is restricted as to the voltage and current 
ranges it can cover. Vo cannot be less than Vr nor more than the anode 
breakdown voltage, Vig. The output current is restricted to less than 
Ix cay) (max). When necessary, any of these limitations may be removed by 
modified circuit arrangements. 

Low values of Vo may be obtained by using two circuits similar to 
Fig. 5.4. The output is taken as the difference between their positive 
outputs. The circuit providing the lower output voltage must be pro- 
vided with a resistive load drawing a current at least equal to the load 
current drawn between the positive outputs of the two circuits. 

For high voltages two or more stabilizers may be superimposed. The 
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circuit of Fig. 5.8 (due to Kerr and van Vlodrop [5]) effects some 
economy by using a half-wave supply to either trigger tube, the diodes 
Dy and Dz protecting the anodes of V; and V2 against the application of 
reverse voltage. Since either tube conducts only on alternate half-cycles 
of the supply, the maximum value of [xav) over this half-cycle is 
2Tx(av) (max). AS a result, the permissible maximum value of p is only 
4 x¢pk) (max)/ Tk av) (max) and a rather high value of Vm becomes necessary 
if the load current is to approach [x(av) (max). In many high-voltage 


S6K OA2I0 OA2I0 


Fig. 5.8. Stabilized supply using voltage doubling. 


applications the load current is so small that this is not a serious limita- 
tion. 

Consideration of Fig. 5.8 will show that across either Vi or V2 a 
waveform of constant peak-peak amplitude is obtained. Consequently, 
still higher voltages may be obtained (at still lower currents) by using 
such a waveform to drive a voltage-multiplying rectifier. An example 
due to Kerr and van Vlodrop is shown in Fig. 5.9. Here a voltage 
multiplier is used to increase further the output, which has already been 
doubled by using two tubes head to tail. Design procedure for such a 
circuit follows that given earlier, with the following provisos: 


(1) If voltage multiplication is used, the maximum value of Jp must 
be less than : . Ixcav) (max), Where s is the overall voltage multiplica- 


tion factor. 

(2) The output impedance is increased by a factor of about 2s. 

(3) Since two tubes are used, conducting on alternate half-cycles, 
determination of Ri proceeds as for the full-wave case previously 
described, but with a doubling of the true value of Ixy) «max 
wherever it occurs in the calculation. 
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~ 600V 


Fig. 5.9. High-voltage supply providing adjustable stabilized output. 


Fig. 5.10 shows an arrangement permitting the use of a number of 
trigger tubes in parallel so that quite large currents may be controlled. 
The potentiometer supply to each trigger electrode is returned to the 
cathode of an adjacent tube. Thus when any one tube fires, the rise in 
cathode potential triggers the next tube. As the interconnexion forms a 


Fig. 5.10. Stabilized supply for high output currents. 


closed ring, all the tubes will be triggered almost simultaneously. 
Equality of current sharing requires that the tolerance of the anode- 
maintaining voltage, Vm, shall be small compared with (Vo — Vm). 
Accordingly, the circuit is best suited to applications where Vo is not 
much less than Vig. 
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In order to pass a large pulse from cathode to adjacent trigger, it is 
necessary that R7 > Rs. This implies a relatively large value of Vo. | 

Design of the parallel-tube circuit using tubes is based on that of a 
single-tube circuit where Jo(max) has been reduced by the factor n. The 
value of Ri so obtained must then be divided by . Ra is split into two 
parts, Rs and Re, so that a pulse shall be passed on to the following tube 
as large as consistent with avoiding the passage of reverse trigger current. 
The most exacting case is that in which firing of a single tube is insuffi- 
cient to bring the potential of point A below Vp. In this case, 


Vi == (Vo — Vu). Re/(Rs + Re) G. 26) 


The maximum value of Vx which can be used without causing reverse 
trigger. current to flow is then given by 


Vx¢max) == Ve — Vu (5.27) 


Hence the maximum value of Rg is given by 


Ve — Vx : 
Remax) = (Voonim/s) — Var + Ra (5.28) 
Provided R, > Rg, 
Rs = (tae! - 1) Rr (5.29) 
Ve 
and 
1 max 
Ro = (Ae = 1) Re re} (5.30) 
Allowing for component tolerances, these expressions become 
Vo(min) (di — w) 
=| —- Re. 5.29 
A (a 1) Peep) 3.298) 
1 Vo (max) ad + w) 
a Mid | SE = 1) Re Rap 5.30 
and Ro i" ( Veaan 1) Rr re} aw (5.30a) 


Design Procedure for Trigger Tube Shunt Stabilizer 


(a) Set out the following design data: 
Maximum nominal output voltage, Vocmax) 
Minimum nominal output voltage, Vo min) 
Maximum average output current (averaged over one cycle of 
a.c. supply), Jo(av) (max) 
Fractional tolerances, +-r1 and —rz, on a.c. supply voltage 
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Fractional tolerance, +. w, on resistors 
Maximum acceptable output impedance, Ro 
Maximum acceptable output ripple voltage, V; 


(6) Tentatively select a trigger tube on which to base design and set 
out the following data relating to it: 
Anode breakdown potential, Vig 
Anode maintaining potential, Vi_ 
Nominal trigger striking potential, Vr 
Maximum trigger striking potential, Va~max) 
Minimum trigger striking potential, Vermin) 
Trigger maintaining potential, Vy 
Transfer current (at Va = 2V x), Ip 
Maximum permissible average cathode current, Ixavy (max) 
Maximum permissible peak cathode current, Ix(px) (max) 


(c) Decide whether voltage multiplication is necessary. 

If Vouminy and Vowmax) both lie within the limits Virimax) and 
Vic, multiplication is not necessary, i.e. s = 1. 

If they are above these limits, choose the voltage multiplication 
factor, s, as an integer so that Vormin) and Vocnax) lie between 
S. Vaqmax) and s. Vig. 

If s is an even number, use a voltage-doubling arrangement, as 
in Fig. 5.8. Follow with further voltage multiplication by a factor 
5/2 as necessary, on the lines indicated in Fig. 5.9. 


(d) Decide whether tubes are to operate from half-wave rectified 
supply (uw = 4) or from full-wave rectified supply (u = 1). (It is 
preferable to put u = 1, but this raises the cost of the power supply, 
particularly if it is a voltage multiplier.) 


(e) Evaluate 
_ Vownaxy 
~ Vomin) 
(f) Choose the number of tubes, n, to operate in parallel and evaluate 
q’ so that 


» _ 1 Toiav) (max) 


q < 10 


n  Excav) (max) 
Usually it will be found necessary to choose n so that g’ < 0-65. 


(g) Evaluate 
=4$.01+ 12) 
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(h) Determine k’ from Equation (5.20b), 

= m(l — w) — q’(1 + w) ok) 
~d—-nd-w-¢it+nd+w v2 


(j) From Fig. 5.7, find the value of p corresponding to k’. 
(kK) Check that 


k’ (5.20b) 


Fp) (max) 
Pp < ue 2B Cpe) (max) 
Ik (av) (max) 


If this is not so, either change from half-wave to full-wave 
rectification (i.e. from u = $ to u = 1) or choose the lowest value 
of k’ satisfying this relation. 

(1) Determine the nominal value of Vn. 


k’ _ 
Vin == - Voxmin i (1 f a (5.21a) 
(m) From Equation (5.18a), determine Ri, 


= u ; ad + r1) Vanr/2 _ Voiminy/s 


Ri (5.18a) 
n p.. Ixav) (max) 
(n) From Equation (5.22a) determine Ra, 
Rin Ee (5.22a) 
Dp. Ix(av) (max) 
(0) @ Ifn = 1, Re = 0. 
(ii) If m > 1, determine Re in Fig. 5.10 such that 
Vr — Vr 
= =: 5.28 
As (Vowmnin)/s) — Vu sis ( ) 
. Then Rs = Rg, — Re. 
(p) Choose 
Vr — Vy 
~ 5.25b 
RE 103 ts Oe) 
(q) Determine Rg from Equation (5.29a), 
_ Vominy _ ; d — w) 5.29 
Re = (; . Ver(max) 1) a ; ad ss w) ( , y) 


(r) Determine Ry from Equation (5.30a), 


1 Vocmax) (al + w) 
PMP (paces Rca Ry — Rsd>> (5.30a) 
am" {(; ~ Vnwnia) 1) a ; a—w) 
If necessary, adjust R7, Rs, and Ry by equal percentages to allow 
convenient values to be adopted. 
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(s) From Relation (5.10b), determine C to meet requirements for 
output impedance, Ro. 


5 2-—4u 
(t) From Relation (5.9b), determine C to meet requirements for 
output ripple voltage, V;. 


Ce i (? = “) Fe To(max) (5.9b) 


4f\ ou Vy 


(u) Adopt a value for C not less than the larger value given by 
Relations (5.10c) and (5.9b) above. 


EXAMPLE 5.2 Single-tube Trigger-tube Shunt Stabilizer 

Design a trigger-tube shunt stabilizer to operate from a 50-c/s supply 
at 240 V r.m.s. (+6°%, —10°%) and to deliver 0-10 mA at any d.c. out- 
put voltage between 145 and 290 V. Output impedance to be less than 
30Q, ripple less than 19%. Use 5% tolerance resistors. 


(a) Setting out design data: 


Vowmax) = 290 V Toiav) (max) = 10 mA f = 50 c/s 

Vo(min) = 145 V ri = 0:06 

Vi(max) = 1-45 Vv n= 0-10 

Rotmax) = 30.2 w = 0-05 

(5) Basing design on CV2434, 

Via = 290 V , Txtav) (max) == 25 mA 
Vu = 105 V Tx(px) (max) = 100 mA 
Ve = 132 V Ty = 0:045 mA 

Vir(max) =z 137 Vv 

Vo(min) = 128 V 
Vy = 90V 


(c) Vocminy and Vocmaxy lie between Varimax) and Vic. Hence no voltage 
multiplication is necessary (s = 1). 


(d) As no voltage multiplication is needed, it is convenient to use a bridge 
rectifier to give full-wave rectification (u = 1). 


Votmax) 
= =2: 
() Vocmin) 


(f) Using one tube only (” = 1), 


ro 1 Totav) (max) _1 10 —_— fh. 
a n° Ixcav) (max) +. 1 25 a as 
(g) r=Hri +172) = (0-06 + 0-10) = 0-08 
H 
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d-nd—w-gd+nd+w v2 
2-0 x 0-95 — 0-40 x 1-05 Do Spee 
~ 0:92 x 0:95 — 0-40 x 1:08 x 1:05 4/2 — 
(J) From Fig. 5.7, p = 1-93 
(kK) yp» TRcoms temas ye 100g Gehicn is > p) 
Tk av) (max) 25 


(Note that this condition would still be satisfied if u = 4. Hence a 
half-wave rectifier could be used in this case.) 


k’ ri — re 
+ Vin = se ® Voom [(1 + 2 ) 
Lae 145 /(1 + ee) = 367 Vrms. 
Gn) R= a (+471). Vne/2 — Vorminy/s 
n DP. Tx(av) (max) 
_ 1 1:06 x 3674/2 — 145/1 _ ; 
a 193 x 25 = ei e0 
_ Vowminfs— Vu _, 145/1—105_ 
) Ree Pp. Tx (av) (max) > 1:95 x 25 = 0:82 ka 
(o)n=1.. Re =0 
Rs = Ra — Ro = Ra = 0-82 kQ 
~ 132-90 4, 
Ri Zz 10 < 0045 > 93-5 kQ 
_ f Vorminy 1l—w 
(9) Re — (; < Ver(max) 1) a G 4 
145 0-95 


) Ryo 1d (Yom _ Ri — Rab + +*) 
nit \s. Vermin) l1—w 
1 290 0:95 


To rationalize values, reduce R7, Rs, and Rs by 2:5°% each. Thus 
R;z = 91 kO, Rs = 4-95 kO, Ro = 100 kQ. Since Rs is small compared 
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with R7 and Ro, its precise value is not critical. Using 5°% tolerance 
components, therefore, the following nominal! values will be acceptable: 


Rr = 91k 
Rs = 5kQ 
Rs = 100 kQ 
Ss 2—-—u 
- C> arg, ( w ) 
1 ai 
“xe * | 1 ) = 83 uF 
1 2—u To max) 
0 cm i (2=4). Ve 
1 2—1\ _ 10x 10° 
“aH * | i ) ag 


(u) C > 83 uF. Hence, remembering that operation (s) gives a conservative 
value for C, put C = 100uF, +20°%. 


Solution: (Using circuit of Fig. 5.10 with only one tube) 


Ri = 84kQ 45% C = 100 uF + 20% 
Rs = 0:82kO + 5% Vii = CV2434 
Re = 0 m = 367 Vr.m.s. 


Rr = 91kQ 45% 
Rs =5kQ 45% 
Ro = 100kQ 45% 


EXAMPLE 5,3 Multi-tube Trigger-tube Shunt Stabilizer 

Design a trigger-tube shunt stabilizer to operate from 50 c/s supply at 
240 V r.m.s. (+6%, —10%%) and to deliver 0-50 mA at 450 V dic. 
+20 V. Output impedance to be less than 100 9. Use 5% tolerance 
resistors. 


(a) Setting out design data: 


Voimax) = 470 V Tovav) {max) = 50 mA f = 50 c/s 
Vounin) = 430 V ri = 0:06 
Vr(max) Not specified. re = 0-10 
Rocmax) = 1002 w = 0-05 


(6) Basing design on CV2434, use data given in Example 5.2. 

(c) Vouminy and Voimax) lie between 2Vrimax) and 2Vic. Hence voltage 
doubling is needed (s = 2). 

(d) For convenience of voltage doubling, use half-wave rectification 


(u = 4). 
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= Vocmax) is 470 —e 
©) al Voiminy 430 — ro 
(/) If two tubes are used in parallel (7 = 2), 
,_1. 50 
qd 3 x 35 = 1-0 


Then Y= 


Fic. 5.11. Stabilized supply for 450 V at 0-50 mA (Example 5.3). 


(g) r = 4(0-06 + 0-10) = 0-08 
1:09 x 0-95 — 0:67 x 1:05 1 


Ee eS ee =? hich i 
© ies 2s 
2:03 _ 430 
~/) Van = > x 08 = 428 V r.m.s. 


Trigger Tube Circuits and Applications - 109 
1:06 x 4284/2 — 430/2 


= =. 
Oy a 1-99 x 25 ane 
_ 1. 430/2—105 
OS REM aS pogieag: on ee 
(on =3 
_ 432-90) x 11 
ego tos; 
Rs = Ra — Re = 1:10 — 0-42 = 0-68 kO 
(p) Choose 
~ 132-90 
Re D795 ods = PF SkA 
.. put Rr = 100k2 
430 0:95 
_ iff 470 105 
2 2—4)\_ 
(s) C2350 x 100 x A?) = 150 pF, say 160 pF 
Solution: (Circuit shown in Fig. 5.11) 
Ri = 1-45 kQ 45% C = 160 uF 
Rs = 0°68 kQ -+-5% VYi— Ve = CV2434 
Re = 0-42 kQ +5% Vn = 428 Vr.m.s. 


Rr = 100kQ 45% 
Rs = 51:5kO. 45% 
Ro = 12-:0kQ +5% 
Rio = 10 MQ +20% 


Timing Circuits 
Trigger tubes are widely used in timing circuits of various kinds. These 
circuits have been fully investigated and they may be designed with 
confidence. 

Fig. 5.12 illustrates the common basis of all these circuits. A capacitor 
C is charged through resistor R from a source Vp. After a time ¢ the 
voltage across C is given by 


Vo = Ve. (1 — eter) (5.31) 
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When the voltage Vc across C reaches the trigger breakdown poten- 
tial, Vz, the tube fires to terminate the timed interval. Substituting Vr 
for Vc in Equation (5.31), the timed interval ¢ is given by 


t= CR. loge ( (5.32) 


Vp 
Vp— Vr 

In practice, there is an uncertainty 8V7 in the value of Vr, and this 
gives rise to an uncertainty 8¢ in the timed interval. By differentiating 
Equation (5.32), one obtains 


CR 5 
~ (Ve — Vr)" 


8 Ve (5.33) 


3 4 5 


2 
t/CR 
Fig. 5.12. Basis of RC timing circuit. 


The accuracy of timing, 8¢/t, is given by combining Equations (5.32) 
and (5.33). 


St a SVy 1 
t (Ve— Vx) Ve 
loge( ae 7) 
wees SSN 2-5 e 
“(Ud —x).loge(l—x) Ve 
8Vr 
=8- (5.34) 
where x = Vr/ Ve 
and 6 2 


~(@— x). loge (1 — x) 


The curve in Fig. 5.13, due to Light [6], shows the relation between 
the ‘error multiplying factor’, 8, and V7/Vp. It is seen that when Vr/Vp 
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exceeds 0-8 the accuracy of timing falls rapidly, but if Vr/Vp does not 
exceed 0-7 a 1% change in Vr produces less than 2°% change in f. 

In Fig. 5.14, derived from Equation (5.32), tis plotted against Vr/Vp. 
From this it is seen that ¢ falls abruptly when Vr/Vp is made less than 
0:4. Above V7r/Vp = 0-8, t increases rapidly, but Fig. 5.13 shows this 
gives poor accuracy. It is thus usual to work with Vr/Vp between 0-4 
and 0-8, i.e. ¢ = 0:5CR to 1-5CR approximately. Often it is convenient 


7 


6 


Fic. 5.13. Error multiplying factors for changes in Vp (full line) and Vo 
(broken line) as functions of Vy/ Vp. 


to put V7/Vp = 0-63 so that t = CR. The error multiplying factor, 8, is 
the n 1-72. 
’ As the capacitor voltage approches Vr, a small pre-strike current 
(p. 68) flows through the trigger electrode. Charging of the capacitor 
will cease if the pre-strike current Jp exceeds the current which can flow 
through the charging resistor. Thus the maximum value of R which will 
produce triggering is given by 
Remax) = (Vp — Vo)/Ip (5.35) 
Putting this value into Equation (5.32), the maximum value of ¢ is 


given as 
t(max) = C * We — Va) = Vr) ve loge ( Ve ) 
Ip 


Vp— Vo 
C.Vr 1 
may (5.36) 
The limiting value of f(max) is thus obtained with the minimum value 
of 6. Fig. 5.13 shows this is 8 = 1, obtained when Vp = oc. Even with 
Vp infinitely large, however, the value of t(max) is only about 2-5 times 
that obtainable with Vr/Vp = 0-8. If difficulty is experienced in provid- 
ing a large value of #, therefore, there is little to be gained by raising 
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Vp, provided Vp already exceeds Vz/0-8. A tube should be sought having 
a lower pre-strike current. 

To ensure that the operative value of Jp in Equation (5-36) is the 
pre-strike current, rather than the transfer current, it may be necessary 
to use a trigger circuit corresponding to Fig. 4.6 (d) rather than Fig. 
4.6 (c). : 

Crowther and Potter [8] have studied the various errors arising in a 


ona 
Vr / Ve 


Fig. 5.14. t/CR as a function of Vy/ Vp. 


timing circuit using the Z803U. They find that for intervals in excess of 
10 msec the triggering delay is less than 19/, and this percentage becomes 
gradually less as ¢ is increased. Over a restricted range of times this 
delay may be considered part of the timed interval. 

If the trigger tube operates a relay the pull-in time of the relay must 
be considered. This tends to add a constant time, rather than a constant 
percentage, to the timed interval. If the h.t. voltage falls by only 10°%, 
however, Crowther and Potter point out that the resultant 20°% fall 
in relay current can readily lead to a doubling of the relay pull-in time. 
For this reason the anode circuit should be designed so that, by making 
use of the peak current rating of the tube, a relatively large pull-in 
current is carried by the relay. In this way consistently short pull-in 
delays are obtained permitting intervals of more than 1 or 2 sec to be 
timed to an accuracy of better than 1%. 

Changes in the values of C and R used for timing produce proportional 
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errors in the timed intervals. The effect of variations in Vr is shown by 
Equation (5.34). By differentiating Equation (5.32) with respect to Vp, 
an expression is obtained for the variation 8t’ due to a variation in 
Vp. 


—CR Vy 
Saas 
: (Ve — Vr) Ve Ke (6.36) 
whence BE gee (5.37) 
t Ve 


Provided the changes in Vz and Vp are sufficiently small for 6 to be 
assumed constant, the total variation in t to be expected with given 
variations of Vy and Vp may be obtained merely by adding the contribu- 
tions defined separately in Equations (5.34) and (5.37). Since the per- 
centage variations in Vi and Vp are each multiplied by the same factor, 
8, no great improvement in accuracy can be obtained by reducing the 
percentage variation of Vir below that of Vp, or vice versa. 

The initial voltage on the capacitor may not always be zero. If the 
initial voltage is Vo the above analysis holds provided (Vp — Vo) is 
substituted for Vp and (Ve — Vo) for Vr. Equation (5.32) then becomes 


_ (Ve — Vo) 
t = CR. loge = Va (5.32a) 
For small variations in Vo, 
—CR. 
58 at a a ne Z 8 
t Sew 
br” —1 
7 Ue ae 5 (5.38) 


(Ve — Vo) . loge (Ve— Va) 


The corresponding error multiplying factor is a function of both 
Vo/ Vp and Vr Vp. 

A case commonly requiring consideration is that in which V9 is zero, 
but it is necessary to determine the error due to the initiation of a new 
timing cycle before the capacitor has discharged below a residual 
voltage, 8Vo.* Then, since Vo is zero, Equation (5.38) reduces to 


Le ree Oe 2 
t ie Ve Ve 
8° (ie — Va) 
ft 8Vo 
ke -(2 a 1) Sa (5.38a) 


* An initial charge VY, can also arise due to ‘soak’ effects in paper dielectric timing 
capacitors. Plastic film capacitors show negligible soak effect. 
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The broken line in Fig. 5.13 shows that (3 —~ 1) . 6 decreases as x 


increases. A value of Vr/Vp = 0-63 gives a satisfactory compromise 
between sensitivity to changes in Vr, Vp, and Vo. 


EXAMPLE 5.4 Interval Timer 

Suppose it is required to design a timer to operate on 240 V a.c. +10% 
and to provide over 10,000 hours life a timed interval of 1 sec with the 
highest accuracy consistent with reasonable economy. The basic circuit 
of Fig. 5.15 is to be used, and the necessary component values are to be 
determined. 


Choose the CV2434 as a high-stability trigger tube for which it is known 
that, over 10,000 hours, 3V2/Vr< +2%. 


Fig. 5.15. Basic circuit for interval timer. 


For this tube, Vr = 132 V. Thus if, to keep 6 low, Vr/Ve is not allowed 
to exceed 0-8, the minimum value of Vp may be determined, 


Veiminy = a = 165V 


The stabilizer, V2, should therefore have a maintaining voltage of 165 V 
or more and a stability of +2°% or better through 10,000 hours. The high 
maintaining voltage calls for two or more tubes operating in series, and only 
pure metal cathodes will provide the required degree of stability. Two or 
three CV449 (85A2) voltage reference diodes may therefore be used in series. * 
To operate these at 6 mA, the series resistance, Ri, must be reduced if more 
tubes are used in series. In an extreme case the consequent reduction in 


* A more economical arrangement would use a single trigger tube as stabilizer 
in place of the voltage reference tubes. The diode stabilizers are here considered as 
representing a more conventional design. 
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stabilization ratio could offset the advantage of a higher effective Vp. A com- 
parison of the two cases is therefore required. 


(a) With two CV449 tubes in series: 
V2240./2 = 340 V 


Ve = 170V 
R= oe == 28 kQ approx. 
From Equation (3.8a), 
Rs 28 | 
Sz R037 93 


Hence a 10°% change in Vs produces 10/93 = 0-11% change in Vr. This 
must be added to the 1-5°% change in Vp expected through 10,000 hours. 


8Vp 


Thus =154+0-11 = 16% 
Ve 
Ve 132 
Now, We a0 7 O78 
*, B = 2-4 (from Fig. 5.13) 
‘ oy me evie ae 4 ve 
7 fT Ti, 


=2:4x ae + 1:6) = 8:65% 
(b) With three CV449 tubes in series: 


Ri <> = 14kQ approx. 
14 
egg 
» Ve 1.5 4-021 =1-7% 
Vp 
Vr 132 
Ve as 
B= 1-5 
2 EEL 15 x QO +17 = 55% 


There is thus a significant advantage in using three reference tubes in series. 
Since the worst combination of variations has been considered, the total 
variation in time interval will normally be much less than 5%. 

Determination of other component values may now begin. Timing errors 
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will increase less than 1°% if Vr/Vr is raised to 0-63. At this value, ¢ = CR 
and it is convenient to put C = 0-1 uF, R = 10 MQ, high-stability compo- 
nents being used for each. To accommodate component tolerances, the pre- 
cise value of Vp may be adjusted by a potentiometer connected across the 
uppermost reference tube. 

Vi is normally extinguished by the shunt circuit through contacts a/1. 
If the reset contacts are held open, however, the tube will remain conducting. 
The design should arrange that the steady current in these circumstances is 
the recommended value for long tube life (8 mA). The hold-in current of 
the relay must be less than this. A 5-kQ P.O. 3000 relay will meet the case, 
but its pull-in time is long and indefinite at such a low current. The addition 
of a capacitor C2 at the junction of relay A/3 and Rs solves this problem. 
With Cs initially charged to 240 V, a peak anode current of 28 mA will flow 
to pull in the relay smartly. 

Rs must be determined before the value of C2 may be settled. To restrict 
the anode voltage of V1 to 240 V before striking, Rs must be added, as in 
Fig. 5.16. 


Ra_ _ 240 _ 240 
Rs+- Rs Vs 340 
Whence Rs = 2:4Rs 


If Iz is the steady current drawn by Mi after it has struck but with reset 
contacts held open to prevent quenching, then 


Vu +- InRua = Va — Ur + Is). Rs 
But the current Js flowing through Rs is given by 


— Vu-t+InRia — Vu + InRua 


fe Rs 2-4Rs 


Substituting and solving for Rs, 


Rs = | v —_— (1 + #4) (Vu + TR) | [te 


Putting Jz at the recommended value of 8 mA and inserting the known 
values of Vs, Vu, and Rua, 


Rs = [340 — 1-42 x (105 + 40)]/8 = 16-7 kQ 


Since Vs will fall when V1 fires and imposes an additional load on the 
power supply, it is in order to round off Rs to a slightly lower value, i.e. 
15kQ --5%. 

Rg = 2:4Rs = 36kQ2 +5% 


When the reset contacts are allowed to close, Re must draw at least the 
current previously drawn by V1. Thus 


V(min) = 100 — 12-5kQ 


Remax) = Tr 8 
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To allow for component tolerances, Re should be 0-7 of this value or less. 
Thus 
Re0-7 X 12-5282kQ 410% 
If one neglects the inductance of the relay the time-constant of the anode 
circuit is the product of C2 and the parallel resistances of Rs, Rua, and Rs. 
Assuming this time-constant is to exceed 100 msec in order to ensure that 


the pull-in of the relay is effected by a fairly high current, one obtains (working 
in microfarads, kilohms, and milliseconds), 


C2Rs. Rua. Rs 
RsRia + RraRs + RsRs 


100 x (1S x 5+ 5 x 36 + 36 x 15) 
15 x 5 x 36 


> 100 


. C2 > == 29-4 uF 

Hence put Ce = 32 uF 

The complete circuit thus becomes as shown in Fig. 5.16. Ri, which was 
calculated as 14 kQ, may be rounded off to 15 kQ. Relations (3.4c) and (3.7) 
lead to a tolerance of +20% on this value. P: is made 100 k so that the 


“Dl 


Fig. 5.16. Interval timer designed in Example 5.4. 


current in the uppermost reference tube is reduced by less than 1 mA. By 
adjustment of Pi, Vp may be varied from 170 to 225 V. The ratio Vx/Ve 
accordingly varies between 0-78 and 0-52, and with it the timed intervals vary 
from 1-5CR to 0-75CR. Tolerances in C, R, and Vz can therefore be accom- 
modated by adjustment of P1. 

The arrangement of the discharging contacts, a/2, in Fig. 5.15 is unsatis- 
factory, because if the reset contacts are held open at the end of the interval, 
Vi remains conducting with its trigger at ground potential. The consequent 
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reverse trigger current will produce a substantial change in Vr. In Fig. 5.16 
this weakness is eliminated. 

Also in Fig. 5.16 a small resistance, Re, is shown in series with C to limit 
the discharging current through contacts a/2. If Ro < R the time interval 
is affected to a negligible extent. Here Re could be 470 ©, so that the peak 
discharge current, Vx/Ro, is about 190 mA. 

Throughout the design it has been assumed C1 is sufficiently large for Vs 
to approximate the peak supply voltage, despite a current drain of 6 mA 
through Ri and 6:7 mA through Rs and Rs. A value of 16 uF or more meets 
this requirement. 

From the tube manufacturer’s data book, Rs should be 5°6 kQ. 


The final design is thus: 


R=10MQ +5% Rr = 10 MQ 420% 
Ri = 15kQ +20% Rs = 36kQ +5% 
Re = 56kO. +20% Ro = 470Q 420% Ce = 32 uF +20% 
Rs = 15kQ +5% Rus = 5kO Vi = CV2434 (Z803U) 
Re = 82kQ 410% = Py = 100kQ 420% Ve, Vs, Vs = CV449 (85A2) 


C = 0-1 pF +20% 
Ci = 16 pF +20% 


Power Law Timers 

There are several devices which, when operated from a variable voltage 
supply, Vm, provide an energy output proportional to Vm". In a welder 
or an oven the power is proportional to Vm?. The blue-violet light out- 
put from a tungsten-filament lamp is proportional to Vm°, while the 
green and red light output correspond to intermediate values of n. Timers 
designed for use with welders or in photography may therefore be of 
greatest value if designed to produce time intervals proportional to 
1/Vim". 

Suitable circuits have indeed been developed [7, 9], and these prove 
simple to design provided the appropriate value of n is known. Not 
only does the compensated timer eliminate the need for a supply voltage 
stabilizer but it also proves more economical than a simple timer of 
comparable accuracy. 

If the power output P of the device is expressed as k . Vm", then 


SP = nk. Val®—~) 80m (5.39) 
3P 8Vim 
whence, 7a n. Tn (5.40) 


During a timed interval the energy output is P. 7. Hence the timer 
is compensated if 
3P 8t 
Poof 
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From Equation (5.37), this gives 


B.—- =21.->- (5.41) 


Thus, if Vp is made proportional to Vm the timer will be exactly 
compensated when 8 = n. In this type of circuit, therefore, the error- 
multiplying factor associated with changes in Vp is necessarily equal 
to nm when precise compensation is provided. Thus, from Equation 
(5.34), 

S0P.t) Vr 
(P.O We 


(5.42) 


With a high value of n (as in a photographic timer for use with blue- 
sensitive materials) it is thus necessary to use a tube providing a highly 
stable value of Vr. 

Inspection of Fig. 5.13 shows that for values of @ and n greater 


o8 67 

V/Vm 

Fig. 5.17. Characteristic of Power x Time provided by more refined type 
of power-law timer. 


than 2, 6 changes rapidly with Vr/Vp. Consequently, good compensa- 
tion is provided over only a small range of supply voltages. The timer 
is under-compensated if Vp increases and oyer-compensated if Vp falls. 
When n = 5 the required value of 6 = 5 is reached at Vr/Vp = 0-93. 
If Vp falls by 7-5°% Vp/Vp = 1-0 and the timed interval does not ter- 
minate. 

For applications requiring high values of B a more sophisticated 
arrangement has been devised [9]. This comprises applying to the trigger 
a potential which is a combination of an exponential and a bias potential, 
each proportional to Vm. By this technique, a characteristic of P.t 
against Vm can be obtained which exhibits a plateau as shown in Fig. 
5.17. 

The simple arrangement shown in Fig. 5.18 provides a bias potential 
’Vm on which is superimposed the exponential charging of C from the 
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charging potential «Vm. Effectively the trigger breakdown potential is 
reduced by the bias Vm. Hence Equation (5.32) becomes 


aVn 


t = CR. loge Va (Vee (5.32a) 
In a timed interval the energy output is thus given by 
P.t = CR.kVm" . loge ous (5.43) 


(a +2)Vm —~ Vr) 

Now at the point of inflexion of the characteristic shown in Fig. 5.17, 
both d(P . t)/dVm and d?(P . t)/dVm? become zero. 

Differentiating Equation (5.43) and putting d(P . t)/dVm = 0, 

Vr ee “Vn a 
(e+ )Vin — Ve OF Em — Vo 

Differentiating a second time and putting d®(P.1)/dVm? = 0, one 

obtains, 


0 (5.44) 


(a +) _ 
(a +2)Vin — Vr Vm Gey 
and thus, (4 +2)Vn = "5+ Ve (5.46) 


Substituting in Equation (5.44), 


Vr n 
h 1 yew) 
whence = Vere? 
wee aha (5.47) 
From Equation (5.46), 
n Vr 
x n—1 Va . 
n—1 
wae Gwe 
rs ae mee 
1-27 
Thus = n- el n ) —1 (5.49) 


The required ratio of 4/« thus proves to be a function of 7 alone and 
is independent of Vp/Vm. Ri and Rz are therefore proportioned to give 
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the required ratio 4/« and Rs is adjusted to suit the particular value of 
Vo) Vu. 
From Equation (5.32a), 


ai o> a Vt 
sy CR. loge| 1 +2 | 


Fig. 5.18. Basic circuit of power-law timer. 


Substituting from Equations (5.47) and (5.49), 


t = —CR. loge [ 2-e€) —(n- py.) 


phat 


= ~CR . loge ef n ) 


.,.fa—7!1 . 
t= - ).cr (5.50) 


Note that even with high values of n, t < CR. 

This value for ¢ corresponds to a design in which the point of inflexion 
in the characteristic shown in Fig. 5.17 occurs at the nominal supply 
voltage. In such a case, however, the timer is compensated for a wider 
range of supply variations above the nominal value than below it. 
Generally the opposite condition is required. This is readily obtained 
by making the point of inflexion correspond to about 95° of the nominal 
supply voltage. All the foregoing relations remain valid except that t 
is now given by 


t= 0-95", (2 — *) .CR (5.50a) 


When n = 5, this gives ¢ = 0°62CR. 
It has been proposed in the past [9] to use half-wave rectified a.c. for 
the supply Vm in Fig. 5.18. This makes it possible to use large values of 
I 
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R with a trigger tube in which the trigger-cathode gap has a characteristic 
apt to provide a stable corona discharge. The pulsating voltage developed 
across Rj is transmitted to the trigger by C. As a result, trigger current 
flows only on the positive peaks, and the requisite pre-strike current 
can be reached for a much smaller mean current through R. With high 
values of n, however, this technique usually leads to a design in which 
reverse trigger current is drawn after striking. It is thus preferable to 
use smoothed d.c. for Vm in Fig. 5.18 and to choose a stable trigger 
tube with a negligible corona region in its characteristic. 


EXAMPLE 5.5 Photographic Power Law Timer 

Suppose a photographic exposure timer is required to control a printer 
using blue-sensitive materials. The timer is to operate from 50 c/s a.c. 
supplies of nominal voltages in the range 200-250 V r.m.s. and is to 
provide nominal time intervals of 1-30 sec compensated according 
to a fifth-power law for supply variations of at least —15°% to +10%. 


To meet the wide range of compensation, it is necessary to use the more 
refined type of circuit shown in Fig. 5.18. Since a fifth-power law is required, 
n=5, 


From Equation (5.50a), 
n 1 
CR = tmax + (4) 0-950 
5 1 
Ua X D.7g = 48 secs 


In the circuit of Fig. 5.19 it is necessary to restrict the value of R so that 
the back resistance of Dz shall be negligible. This leads to a rather large value 
of C. A reasonable compromise is thus R = 5 MQ, C = 10 uF (paper di- 
electric). The arrangement shown allows a single contact a/1 to provide a 
hold-in circuit for the relay and (via Dz) a discharging path for the timing 
capacitor. More obvious arrangements using two reset contacts can cause 
reverse trigger current to damage the tube should one contact fail to operate. 

The resistor chain, Ri, Re, Rs, is now evaluated as follows: 


Ri el) 1 (5.49) 


=5 x 2:71898 — 1 = 1:25 


For any nominal value of Vm, Ra is adjusted so that t = 0-62CR. In this 
condition, the voltage across C2 is always (« + 4)Vn/0-95. 


wee alan) pe (5.47a) 


n—t1 
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Hence, if the CV2434 tube is used, 


“Vm = 0:25 X 2-71898 x 132 = 73-5 V 
A 


J. (a +A)Va = (1 +2) -aVn = 2:25 x 73:5 = 165 V 
Hence the voltage across C2 is 165/0-95 = 174 V when the supply is at its 
nominal voltage (i.e. ¢ = 0-62CR). 


When the supply voltage falls below the nominal value the voltage across 


Fig. 5.19. Complete circuit of photographic power-law timer. 


C2 falls below the 170 V which is the recommended minimum for the anode 
circuit. Accordingly, the anode circuit must be returned to the high-potential 
side of Rs. 

To ensure that Va > 170 V even when the supply falls to 85°% of its nominal 
voltage, 

Ri + Re + Rs 
Remembering Ri/Re = 1-25, 
Rs > 0-12R1 


To avoid anode-cathode breakdown, Va < 290 V when the supply voltage 
rises to 110% of nominal. Thus, 


Ri + Re + Rs 
Ri + Re 


.. Rs < 094K 


x 174 x 1:10 < 290 


124 - Cold Cathode Tube Circuit Design 


Hence Rs must lie between 0-12Ri and 0:94R1..To accommodate a wide 
tolerance on the value of Rs, a value is chosen well within this range. A more 
positive relay action is obtained by keeping Rs towards the upper limit of the 
range. 

The hold-on circuit through a@/1 and R: dictates that Ri ~ 3-3 kQ. Thus 


Ri = 3-3kQ +2% 

Rz = 2:7kQ 42% 

Rs = 18k +5% 
Suitable values of Ri and Rs may be derived by assuming negligible ripple 
in the voltage Vs appearing across Ci. Evaluation of Ra and Rs then follows 
much the same course as the determination of Ri in the trigger-tube voltage 


stabilizer (p. 102 e¢ seq). Rs is initially assumed to be zero. 
If Vr = 132 V, then for any nominal supply voltage, 


Ri + Ro + Rs 78 
Pea ee a = = 226 V 
Ve Rit Rs x 174 60 * 174 
If the value of Vz is on the lower tolerance limit (Vz = 128 V), however, 
128 
Vaiminy = 226 X B27 219 V 


The highest nominal supply voltage, Vmmax), is 250 V r.m.s. Thus, 
— Viaimaxyf2 2500/2 
Kimax) = Vemminy) 219 | vt 


From Fig. 5.7, the corresponding value of p is 2-12. 
Now, with Vr = 128 V, 


V; 219 
Tay) (min) = rg eee = 73 = 28:1 mA 


Half-wave rectification is used, therefore u = 4. 


Tix) tam) == Tow (min) = 212 X 2X 28-1 = 119mA 


Vin/2 — Vaimin) = 2501/2 — 219 


¥ max) > = 114k2 
eA Re aay ea calsy 119 
At the opposite extreme, Vr = 137 V. 
137 
Then, Ve(max) = 226 X To 234 V 
= Vacmax) qs 234 ‘sy : 
and Tiavy (max) "Ri + Ra + Rs = 78 = 30:1 mA 
When Vn = 200 V r.m.s., 
2004/2 


kmin) = age 1-21 
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From Fig. 5.7, the corresponding value of p = 2°51. 
os Lpx) (max) = 2°51 & 2 X 30-1 = 151 mA 
2002 — 234 
151 


Hence, if Rs = 0, Rs = 220 Q, +10%, Ra = 1 kQ, 45%. 
The voltage AVm/0-95 across Ri is normally given by: 


- RB< = 0-325 kQ 


Vm x aVm 73-5 
095 «095 7 12 X D5 = 97V 
As this is less than V(min), Vi will normally extinguish when a/1 closes. 
The extreme case must be checked, however. If Vr(max) = 137 V, and the supply 
voltage is 10% high, then the voltage, Vr1, across Ri, is given by: 


137 
Vn = 97 X 735 X 1:10 = 111V 


This exceeds Vt(min) by 11 V, and hence some tubes will not always quench 
unless the resistance Rs is included as shown in Fig. 5.19. Ripple current 
passing through Ci then causes the cathode of V1 to be pulsed positively. If 
these pulses exceed 11 V, Vi will deionize irrespective of tube and supply 
variations within the design tolerances. Since the corresponding value of J(px) 
has been calculated to be 151 mA, reliable operation is assured if Rs = 120. 
This will require a corresponding reduction in the value of Rs, since Ra, Rs, 
and Rs are all in series with the ripple current flowing through Ci. Thus 
suitable values would be Rs = 100, +5%, Rs = 120Q, +5%. 

Since these three resistors all carry strongly pulsating currents, their 
wattage ratings must be considerably in excess of those required merely on 
consideration of the mean d.c. currents flowing. 


Solution 
R = 150k2 — 5MQ C = 10 uF (paper) 
Ri = 3:3 kQ 42% (5-watt) Ci = 16 uF 350 V 
Re = 2-7kQ +2% (2-watt) C2 = 16 uF, 250 V 
Rs = 1:8kQ +-5% (2-watt) D:; = 50 mA, 700 V P.LV. 
Ra = 1 kQ variable (5-watt) Dz = 25 mA, 200 V P.I.V. 


Rs = 100Q +5% (2-watt) 
Re = 68 kQ +20% 


(> 100 MQ reverse resistance) 
Ds = 25mA, 200 V P.LV. 


Rr = 10 MQ +20% Vi = CV2434 
Rs = 1200 +5% (1-watt) 
Ria = 5kO 


Logic Circuits 
It was noted in Chapter Four that pulse-plus-bias triggering provides 
an ‘AND’ gate. This particular type of gate is better described as 
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‘bias-before-pulse’; this is indicated by the waveforms in Fig. 5.20 (a). 
Other ‘AND’ gates are free from this restriction. In Fig. 5.20 (6) coinci- 
dence of a positive trigger pulse and negative cathode pulse produces 
triggering if their combined amplitudes exceed Vp. The output must 


7 


(a) (b) 


(c) 


Fig. 5.20. Trigger tube gates: (a) Bias-before-pulse ‘AND. gate, (6) pulse-plus-pulse 
‘AND’ gate, (c) diode logic (voltage transfer) ‘AND’ gate, (d) ‘m out of n’ gate. 


here be taken from the anode. Figs. 5.20 (a) and (6) may be combined 
to provide a three-input gate. 

Any number of inputs may be used with the circuit of Fig. 5.20 (c). 
It may be regarded either as a form of voltage-transfer circuit (p. 75) 
or as a diode gate followed by a trigger tube as power amplifier. This 
is a particularly useful circuit, giving an output at anode and/or cathode. 
If n inputs are used only (7 — 1) diodes are required, Ri taking the 
place of the nth diode. 


So that the back resistance, Rp, of the diodes may be neglected, it is 
necessary that 


Ri < Ro/n 
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Also, so that the maximum current, Jp, of the diode shall not be 
exceeded, 


Ri > Vin/Ip 
R1 is therefore chosen conveniently between these limits. 


Now, with inputs at A, B, and C, but not D, the tube will not fire 
provided 


RRS Oy 
(Ri + Ro) (1 + w) + Rall — wy Om) > Tin) 


: Rs 1—w_ Vecmax) — Vermin) 
1.€. Trae akin Sy eyes 
Ri+R 1l+w o Vermin) G2) 


where w is the fractional tolerance on resistors Ri, Re, and R3. 


30 
= 
oO s 20) 
+i! 
| 
Sa 
a 
< 
re) 
° 


Ol O-2 073 oO-4 o's 
Ww OO 


Fig. 5.21. Curve for determination of resistor tolerance, w, in diode logic 


‘AND’ gate. 
Putting Re/R: > 1/w, Relation (5.51) gives 
Rs 1— w Vmax) = Vermin) 
Re 1+ 2w Vir(min) Gl) 


With all inputs energized, the tube is certain to fire and give the ‘AND’ 
indication only if 


Ral — w) 
Rl — w) + Ra + w) . (Va umin) = Vin(min)) > Ver(max) —_ Vinmin) 
, Rs 1+w 7 Voemin — Veonax) 
1.€. — < 
Re l—w Vievmax) = Vin(min) 6.52) 


where Vin(min) is the minimum value of the nominal input voltage Vin. 
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To provide a small over-voltage on the trigger so that rapid triggering 
is assured, the term (Vymax) — Vincmin)) will be increased by a factor 
(1 + w). Thus Relation (5.52) becomes 


(f) Evaluate, 
= Veimin) 
~ Ve(maxy — Vamin) 
(g) Evaluate (A.B)! and use Fig. 5.21 to determine fractional resistor 
tolerance, w. (If this is unacceptably small, either increase 
Vinqmin), Or choose a tube with a lower value of Vr.) 


(A) Evaluate (A/B)}. 


Rs (1 + 2w) < Va(miny — Vivmex (5.52a) 


Rk d—w Voimax) — Vin(min) 


For a given value of Vinimin), the maximum value of w is determined 
by equating the values of Rs/R2 given by the limiting conditions in 


Relations (5.51a) and (5.52a). Hence (j) Choose 
1+2w\? = Vawminy — Voimax) Vewmin) 2Vin Ri € Ro 
= + AB OSS) Ip 
1—w Ver(max) — Vin(min) Ve(max) — Voimin) (k) Choose 
The maximum permissible value of w may be read from the curve of Ri Lge 2V (max) 
w Io[1 + (A/B}*] 


(A.B)! against w in Fig. 5.21. 
Substituting in Relation (5.51a), the corresponding value of Rs/Re is 
then given by, 


() Evaluate 
Rs = (A/B)?. Ra (5.54a) 


EXAMPLE 5.6 Diode Logic ‘AND’ Gate 


Rs __ { Vaiminy — Verimax) Ve(max) — Vromin) t i 
= ( ) Sp (a) Design a 5-input ‘AND’ gate for inputs of 100 V + 20%. Use type 


Re Vr(max) — Vin(min) Vermin) 
CV2434 trigger tube in circuit of Fig. 5.20 (c). 
: ; (a) Vig = 290 V Vo(max) = 137 V 
Design Procedure for Diode Logic ‘AND’ Gate Va(miny = 170 V Vermin) = 128 V 
(a) Set out the following data for the selected tube: (6) Vintmaxy = 120 V Put Vacnax) = 275 V 
Anode breakdown potential, Vig Vin(min) = 80 V Va(min) = 225 V 
n=5 


Minimum recommended anode potential, Vaqin) 
Maximum trigger striking potential, Vrimax) 
Minimum trigger striking potential, Vrqmin) 


(b) Set out the following additional data: 


(c) A suitable diode is the OA202. 


(d) For the OA202, Rp = 15 MQ (at 125° C) 
In = 48 mA (at 125° C) 


Maximum input signal, Vingmax) (e) Be 225 — 137 _ 154 
Minimum input signal to operate logic, Vingin) 137 — 80 
Maximum h.t. voltage, Vpcmax (< Via) (f) p18 =087 
Minimum h.t. voltage, Vaqminy (> Vacanin) = 375 — 128 ~ 98 
Number of inputs to gate, n (g) (A.B)! = (1-54 x 0°87)$ = 1:16 
(c) Choose diode to have P.I.V. > Vin max) From Fig. 5.21, wimax) = 0-05 
(d) Set out data on diode: (A) (A/B)* = (1-54/0-84)? = 1-33 
Minimum back resistance, Rp (j) 2Vin 2 X 100 _ 42 kQ 
Maximum forward current, Ip Ip 48 
Ro _ 15,000 


(e) Evaluate, 


Veuniny — Vr(max) 


= "Vertnaay = Vintainy Hence put Ri = 33 k2 
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Z 2 x 275 
and, Re > Ri/w = 33/0-05 = 660 kQ 
Hence put Re = 680 k2 
() Rs = 1:33R2 = 910 kQ 
Solution: 
Ri = 33 kQ 45% Di = D2 = Ds = Ds = OA202 
Re = 680 kQ +5% Vea = 250V £25V 


Rs = 910 kQ +5% 


‘m out of n’ Gate Circuit 
Fig. 5.20 (d) represents a simple resistor-net adding circuit which may 
be used to provide either an ‘AND’ gate or a gate giving an output 
when any m (or more) of the n inputs are energized. This latter is a logic 
which would otherwise call for a multiplicity of ‘AND’ gates, each 
feeding into an ‘OR’ gate. If close tolerances are to be avoided, 2 should 
not exceed about 5. 

For reliable operation, the difference in voltage at trigger A with 
(m — 1) and m inputs energized must be greater than the variation due 
to resistor tolerances. With m inputs energized, and Re omitted, 


Vimy = Vin (5.55) 
With (m — 1) inputs energized, 
Vigne Va — » (5.56) 


The maximum variation in Va with resistor tolerance w is 
(1 + w): (1 — w). Hence for reliable operation it is necessary that 


 (m-1) t+), mw 
Vig RO < Vin Ty 5 
, +w m 
1.€. (7=*)' < m=1 (5.58) 


If no other factors had to be considered one could deduce from 
Relation (5.58) the following theoretical maximum values of m: 


Resistor tolerance 1% = 62% )—SCOS%HSOid0Hs-20K 
w= O01 002 005 010 0-20 
Maximum value of m 26 14 5 3 1 


ela 
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In practice, additional tolerances further reduce the permissible 
value of m. Account must be taken of the fractional tolerance, -+-v, on 
the input voltage, Vin. Thus 


(m—1) G+) m (1 — w) 
n (1 — w) n (1+w) 


: 1+y 1+w\? m 

1.€, (2) . (j Ta 4 < Weel (5.58a) 
For every 2°%% which is added to the tolerance of Vin, therefore, the 

resistor tolerance must be reduced by about 1% if the maximum 

permissible value of m is not to be reduced. 


Allowance must be made also for the fractional tolerance, s, on the 
trigger striking potential, Vr. At best this leads to 


Vin. (1 +y). 


< Vin - (1 — v)- 


(5.57a) 


(m—1) (+) Ro + Rijn 
Vin. (1 + y). ‘Ts mt 28¥e( z )< 
: m a— w) 
Vin. I — ve 5 GeEw) (5.57b) 
Hence 
Geage =#) 
1—y) \l—w/] 7 . 
a = n . d+) ae Re + Rifn 
@—) “m1 T—)0—w) Va (aS* ) S380) 


If a large value of n/m is required Vin should thus be made as large 
as possible. Usually it is not practicable to exceed the condition Vin = Vr. 
Re must be chosen to raise the trigger potential to Vr when m inputs 
are energized. Thus 
2 — Rn ei, ae 
Vin . + (x va ium) (%» = Vin * “) = Ver (5.59) 
Putting Vin = Vr 4Vp, this leads to 
x RI -2) (5.60) 


n 


Substituting in Relation (5.58b), 
1+yv\ /14+w\? 
Gales 


2n :\ (1 + w) 
walt —25.(2 -1)-_ te | (5.58¢) 


If the tolerances v and w are reduced to zero, this gives 


2ms < i/ (24 = 1) (5.61) 


132 - Cold Cathode Tube Circuit Design 


As a first stage in gate design, therefore, a tube must be chosen 
providing a sufficiently small value of s to satisfy Relation (5.61) with 
the required values of n and m. Moreover, unless the relation is satisfied 
with a comfortable margin, the tolerances v and w must be made in- 
conveniently small. 

The precise value of Re must be chosen to allow for the worst com- 
bination of tolerances. Thus 


m {l—w 
=). Vin 2 (F*) + 


m {l—w Rijn 
[ v= —(l—y). Vin. . (=) "Ra + Rin >(1+s)Ve (5.59a) 


Until vy and w have been determined, however, this Relation cannot 
be used to obtain Re. A provisional value for Re is therefore obtained 
first from Equation (5.59). With the aid of Relation (5.58b), values of 
y and w are chosen so that the limiting value of R, may be determined 
from Relation (5.59a). 

Strictly, the tolerances on Re and Vz should be considered also. In 
practice, it is sufficient to ensure that Relation (5.58b) is satisfied by a 
useful margin. This margin then represents the tolerance on Vx. 


Design Procedure for ‘m out of n Gate 


(a) Set out the following data: 
Total of inputs, n 
Critical number of inputs, m 
Nominal input voltage, Vin 
Nominal h.t. voltage, Vp 
Input source impedance, rin 
Fractional tolerance on Vin, if known, v 


(b) Determine the maximum permissible fractional tolerance, 
-+smax, on the trigger striking potential, Vr. 


Smax = 1 || 2m(2 — 1) | (5.61a) 


(c) Select a tube for which s < 0°9smax. 

(d) Choose Ri > rin. 

(e) Substitute in Equation (5.59) and solve to obtain an approximate 
value for Re. 
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(f) Substitute in Relation (5.58b) and solve for Wmax. 


t+y I1+w\2 
(744). (44) = 
_m 4, Ow) Vr (Ra + Rin 
(nm — 1) - (m—D d—»vyl—w) ye (Ba) (5.58b) 


(g) Substitute in Relation (5.59a) and solve for Re. 

(h) Check that the chosen values satisfy Relation (5.57b) 

(j) If Relation (5.57b) is not satisfied by a margin adequate as a 
tolerance on Vz, reduce s, v, and/or w until it is. 


EXAMPLE 5.7 ‘m out of n’ Gate 

A gate is required to operate on coincidence of ‘3 out of 5’. It is proposed 
that each input be at 100 V, +5 V, from a 1-kQ source. Design for 
250-V h.t. supply. 


(a) n=5 Vin = 100V 
m=3 v = 0:05 
Va = 250 V fin = 1kQ 
) soe = 1/]2 x 3 x (2x 5-1) | - 00716 
(c) Put S< 0-95max 
ie. s< 0:064 
Hence use Z806W or GPE120T (s < 0-02) 
(d) Put Ri > rin 
i.e. Ri = 100 kQ 


(e) Substituting in Equation (5.59), then, for the GPE120T, 


100 x z+ (ate 3) (250 ~ 100 x 3) = 1225 


R2 + 100 = 5 5 
*, Re = 41 kQ 
(f) From Relation (5.58b), 
(2 + 100 + *) 
100 -- 5 


*. Wmax = 0-034 
Hence, put w = 0-03 
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(g) Substitute in Relation (5.59a) and solve for Re. 


3 0-97 3 0:97 
0-95 x 100 x= zx 25y + [250 — 095 x 100 x3 x x 
100 = 
L aesp tap 3] > P02 x 28 
Ra < 35-0kQ 


(h) Check that the chosen values satisfy Relation (5.57b). 


2 1:03 35 + 100 = 5 
L.H.S. = 100 x 1.05 x 2x F554 2 x 02 x 1225 x (22003) 


== 52-3 
3 0:97 


(j) Relation (5.57b) allows a tolerance on Vy of only 4-(53°6 — 52:3) = 
41-3V 


Hence reduce w to 0:02 


(h’) ane paar (5.57b) with w = 0:02, 
= 51:2, R.H.S. = 54-7 


GU’) Tolerance on Vg = +(54:7 — 51:2) = +3°5, say +3V. 


Solution: Ri: = 100kQ +2% 
Ro = 35kQ. 42% 
Vp = 250V 4 3V 
= GPE.120T 


An ‘OR’ gate may be obtained using the circuits of Fig. 5.20 (a) or 
(5) if the input signals separately exceed Vr. Fig. 5.22 (a) represents an 
arrangement which is preferable because the inputs are better isolated 
from each other and from the output. The diode gate shown in Fig. 
5.22 (6) offers the same advantages. It is closely related to the ‘AND’ 
gate of Fig. 5.20 (c) and, in fact, the same design formulae are directly 
applicable. 

By reversing the polarity of one input, the ‘AND’ gates of Figs. 
5.20 (a) and (6) may be changed to the ‘NOT’ gates of Figs. 5.22 (c) 
and (d). In these gates, the triggering inputs must exceed Vr. The 
inhibiting inputs should be of amplitude 0°5Vp to 0:7Vr. 

Young [15] has given an account of further logical circuit techniques 
which represent an extension of the ‘ACCESS’ pulsed-anode system 
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referred to on p. 84. Young describes a ‘NOT’ gate and a single-tube 
digit store. He discusses also the possibility of a ‘NOR’ gate. As his 
circuits rely on the passage of negative trigger current, however, they 
cannot be recommended for use with high-stability tubes. 


+ 


i 3 
-—_f ; 
(a) (b) 
tty ee 
al SIL 
—— 


(¢) (d) 


Fig. 5.22. Trigger tube gates: (a2) Twin-trigger ‘OR’ gate, (6) diode logic (voltage 
transfer) ‘OR’ gate, (c) bias-before-pulse ‘NOT’ gate, (d) pulse-plus-pulse ‘NOT’ 
gate. 


Chain and Ring Counters 

Fig. 5.23 is representative of a class of counting circuit based on pulse- 
plus-bias logic. A chain of n similar stages is often formed into a closed 
ting by connecting V_ to Vy in the same way as V4 is connected to Ve 
and V2 to V3. Common-anode-load extinguishing (p. 79) ensures that, 
in a well-designed circuit, only one tube conducts at a time. 

Suppose V1 is conducting. The voltage drop across Rxi raises the 
trigger of V2 to a little below triggering potential. The triggers of all 
other tubes are at earth potential. When a positive-going pulse Vp is 
applied simultaneously to all triggers it follows that V2 will fire but, 
provided Vp < Vy, none of the other tubes will fire. Firing of Ve 
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quenches Vj; and applies a priming bias to V3. Thus at the next pulse V3 
will strike and V2 extinguish. 

Positive-going outputs may be taken from the cathodes of individual 
tubes in the ring or chain. Circuits of this type therefore lend themselves 
to the production of scalers, batching counters, and a wide variety of 
digital control systems. In some of these applications the cold cathode 


+ 


Fig. 5.23. Chain or ring counter using trigger tubes. 


stepping tube offers higher speed and greater simplicity. When special 
logical functions must be performed, however, the chain counter is often 
a better choice. 

In designing a chain counter particular care must be paid to compo- 
nent tolerances. Flood and Warman [10] have demonstrated that tubes 
with oxide-coated cathodes show such wide tolerances in trigger charac- 
teristics that little or nothing can be allowed for other component 
tolerances. Tubes with pure metal cathodes are to be preferred for their 
better stability through life. Even these can show considerable drift in 
trigger striking voltage due to the passage of reverse trigger current. If, 
for example, the counter is left static with V2 conducting, then the extinc- 
tion of Vi will cause V2 to lose its priming bias. The trigger acts as a 
probe in the anode—cathode discharge, and its potential approximates 
the anode maintaining voltage. Consequently, a negative trigger current 
flows from the trigger of V2 to ground, its value being limited by Rr and 
Rx. This reverse current causes electrode material to be sputtered from 
the trigger on to the cathode, so raising the value of Vr. It is. best to 
design the stage so that, with the counter static, the tube current sub- 
stantially fills the cathode ~ say, Ix  0°82x;av) (max). This ensures that 
foreign material will continually be sputtered off the cathode. 


io Sa far enna ntinete seni iE ane pot 
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To particularize, the normal value of Vz for the Z700U is in the range 
137-153 V. To allow for the effects of reverse trigger current, however, 
the design should preferably accommodate an increase of Vz to 175 V. 
Reliable low-frequency operation therefore requires Vx < 135 V and 
Vp > 40 V. At higher stepping rates the full value of Vx is not available 
as a bias at the adjacent trigger before the arrival of the next pulse. Both 
Vx and Vp must therefore be made as large as is permissible. 

The time-constant CpRr further restricts the rate at which trigger 
biases can rise and fall. Too great a value will too greatly reduce the 
maximum stepping frequency, fmax. Too small a value leads to differen- 
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Fig. 5.24, Chain counter using rectifier clamps. 


tiation of the pulse Vp so that a negative-going pulse is applied to un- 
biased tubes. When the tube V;, is conducting and a further pulse is 
applied to strike Vin,1) there is thus a danger of false triggering of 
Vin_y due to the combination of this negative pulse and the residual 
positive bias still on its cathode. Published designs usually show a 
compromise value of CpRt ~ Tp, and it follows then that fmax  1/2Tp. 
The value of Cp should correspond to the minimum value of Cr for 
reliable capacitor triggering. Rr will then be as large as possible and will 
generally restrict the reverse trigger current to a safe value when the 
counter is static. 

In a ring counter a rigorous design must allow for the ‘worst x worst’ 

kK 
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combinations of tolerances on Vp, Ve, Vr, Vm, Ra, and Rx, all of which 
interact. Even with molybdenum-cathode tubes, this is likely to call for 
5°% tolerances on the values of Vp, Ra, and Rx. If preferred values are 
to be used it may be necessary to use still closer tolerances. It is, of 
course, possible to ease the tolerance on one parameter at the expense 
of a closer tolerance on another. 

Counter design may be eased considerably by the use of catching 
diodes. In Fig. 5.24 rectifier clamps are used to limit the priming bias 
to the voltage on a reference rail. As a result, the bias is substantially 
independent of the interval between stepping pulses. The rectifier diodes 
must withstand about 150 V, however, and the additional cost per stage 
is significant. Additionally, or alternatively, a single catching diode may 
be used to limit the amplitude of the drive pulse, Vp. At a relatively small 
cost this removes one of the variables and so eases the problem of 
design. 


EXAMPLE 5.8 Chain or Ring Counter 

Tube manufacturers commonly publish designs for counting circuits 
using their own trigger tubes. The user will probably prefer to adopt 
one of these designs rather than perform the rather laborious design 
procedure himself. Nevertheless, an understanding of design procedure 
can be valuable, and the following example illustrates how the com- 
ponent values may be arrived at for a Mullard design using the Z700U 
in the circuit of Fig. 5.23. Values and tolerances are determined for 
reliable operation over the widest possible range of stepping speeds. 


(a) Listing the principal data on the Z700U: 


(a) Vic = 310 V Tp = 0:1 msec (approx) 
Ve = 145V +8 V Ti = 20 psec for Vo = 20 V 
Vu = 116V +5 V Ig(pk) (max) = 16mA 
Vy = 115V Ik (av) (max) = 4 mA 


(b) Determine Vs. Tentatively putting the fractional tolerance v on Vs as 
0-05, then to ensure that no tube strikes before the first tube is triggered, 


Va < Vie/(1 + v) = 310/1-05 = 295 V 


Hence, provisionally, Ve = 280 V +5% 
(c) Determine Ra. 
Ra > (Vacmax) — Vacminy)/Px( pk) (max) (5.62) 


= (294 — 111)/16 = 11-4kQ 


For good tube life the peak current should lie between Jx(av) (max) and 
Fk(nx) (max). Hence, put Ra = 18 kQ. 
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(d) To provide a high maximum stepping speed without false triggering 
at low speeds, 


Vmax) > Vrimin) (5.63) 

ie. Pea + (Vsqnax) — Vat(min)) 2S Ve 
a = eae uate) -1 (5.64) 

= at — 1 = 0-336 


2. Rx = Ra/0-336 = 18/0336 = 53-6 kQ 


To put Rx = 47 kQ would reduce Vx and so restrict the maximum stepping 
speed. Accordingly, the design is continued with Rx = 56 kQ on the supposi- 
tion that this can be accommodated by adopting a closer tolerance on Vs. 

(e) For a chosen fractional tolerance, w = 0-10, on the resistors Ra and 
Rx, determine the permissible fractional tolerance, v, on Vs. 


(1 + w)RKx 
( + w)Rx + (1 — w)Ra 
(1 +w)Rx + (1 — w)Ra Veominy , Viatcminy 
{ (+ wRe pa. Pe } OS) 


_ j1:10 x 56 -+0:90 x 18 | 137 | 111 = 
= ee 56 san + Sag — 1 = 0013 


Hence put v = 0:0125, ie. Va = 280 V +1-25%. 
(f) Determine the value of Cx. 

Rx/Ra = 56/18 = 3:1 
From Fig. 4.14, «T = 0-33 


Vmax) = [(1 + v)Ve — Vauminy] + (5.65) 


ys 


oe = 


.. Ckoin) = SS = SS  —= 5,400 pF 


.. put Cx = 6,800 pF +-20% 
(g) With the counter static, 


Vacminy = Va(miny — 
(1+ w)Ra 
@ + Ra + — wRe PWR. wRe’ [Vecmin) Vucmax)] (5.67) 
neg EE IS. ve O6s = DSS Y 


1-1 x 18 +09 x 56 


(h) Determine Cp. 
nT; 
Vr — Va 


(4.6) 


Crverit) = 
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When Va = 232 V, Inimax) 40 vA, 


40 x 10° x 20 x 108 
145 — 115 


Cr = 100 pF +10% 


= 26-7 pF 


J. Crerit) 


Putting Cp > 3Crerit), 
(/) Put CeRr~ Tp = 0-1 x 10° sec. 
Thus Rr > 1 MQ. To allow for tolerance on Cp, put Rr = 1:2 M2 +10% 


(k) Consider the minimum interval, t, between pulses consistent with 
reliable operation: 
Voverity + Ve = Ve + Vo (4.8) 


where Veyerit) is the bias available on the trigger at the time t after striking 
the preceding tube. 


RaRx 

Put Cx. Ra + Re =Ti 
and CpeRr = Te 
Then, if Rr > Rx, and 7: + 72, 

T: = T: os 
Vovertty ~ Vinx) {1 i “ Ta’ eta + ii = Th" e inh (5.68) 
Thus, 
Vp + Vpn 41 — oe -e@v/Tl 4. ae +e /T2 = Vr + Vo (5.69) 
P Ti — Ta Ti — Ta 


When the counter has been static and a train of pulses is then applied 
separated by time t, the second pulse will cause spurious retriggering of the 
formerly conducting tube if the value of Vr is excessive. Due to differentiation 
of the input pulse, this tube receives a negative-going trigger pulse given by: 


Vel = Ve. ee/ta (5.70) 
where Tr = pulse duration. 


At the instant in question, the cathode capacitor has been discharging 
through Rx for a time (t + Tp). Putting CxRx = Ts, the cathode potential 
is given by: 

Ve’ = Vpn). @ + Tp Ts (5.71) 
In the limiting case, 
Vo’ + Ve’ = Ve + Vo 


* Ve. e ret +. Veco) et TDVTs = Vp + Vo .. (5.72) 


Thus, if one puts Tp = 71, Equations (5.69) and (5.72) provide two simul- 
taneous equations with two unknowns: Vr and t. They may thus be combined 
and solved graphically to give Vep—~100V and +0-2 msec, whence 
Smax ws ke/s. 
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Solation: 
Va = 280 V +1:25% Cx = 6,800 pF +20% 
Vp = 100 V +5% Cr = 100 pF +10% 
Ra = 10kQ +10% Tp = 20 usec 
Rx = 56kQ +10% JSmax = 5 ke/s 


Rr = 1-2 MQ 410% 


If the Z700U of Vo is replaced by a Z700W the additional trigger of this 
tube may be used for resetting the counter to zero. 


Reversible Counters 

By using double-trigger tubes for all stages, a reversible.counter may be 
constructed. One trigger of each tube is capacitor-coupled to a source 
of ‘add’ pulses. Each ‘add’ trigger is biased from the cathode of the 
preceding tube, as shown in Fig. 5.23. Each ‘subtract’ trigger is similarly 
biased from the cathode of the succeeding tube. ‘Add’ and ‘subtract’ 
pulses cannot normally be applied concurrently, as there is a danger of 
false triggering if pulses are separated by a time less than 1/fmax. The 
same problem arises with the forced resetting mentioned above. Neglect 
of this restriction can lead to the simultaneous conduction of two tubes 
in a Single ring. 


Modified Chain Counters 

Sidorowicz [11, 12] has described several variants of the chain or ring 
counter designed to meet particular requirements. They include ‘a 
staircase waveform generator, a pulse distributor, and a reversible 
counter. He describes also alternative forms of decade ring counter. 
One of these uses fourteen tubes to provide increased operating speed, 
others effect an economy of components by using only five or six tubes 
instead of the usual ten. Considerable ingenuity has been shown in 
devising arrangements which use to best advantage tubes having oxide- 
coated cathodes. In view of the comments of Flood and Warman [10] 
on the problems of component tolerancing with such tubes, there is 
little doubt that most of these circuits could be made to perform. with 
greater speed and reliability if redesigned for tubes using pure metal 
cathodes. 

In this connexion it may be relevant that Sidorowicz indicates diffi- 
culties arising from ionic coupling between triggers in a reversible ring 
counter using twin-trigger tubes. Apparently no such problems have 
been met by Liebendorfer [3] and others who have published similar 
circuits for twin-trigger tubes using pure metal cathodes. 
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Rings of ten tubes may be cascaded to provide decade scalers. It is 
then necessary to provide special means for transferring a ‘carry’ pulse 
from one ring to the next. This may be done by a pulse amplifier com- 
prising a self-quenching tube capable of supplying a low-impedance 
pulse of requisite amplitude to the triggers of the succeeding decade. 
Usually this tube is triggered in parallel with tube ‘0’ of the units ring. 
Sidorowicz [12] shows an unusual arrangement in which the pulse 
amplifier is placed between tubes ‘9’ and ‘0’. It may be argued that if 
the pulse amplifier fails to operate on all occasions the errors will be 
numerically smaller with this arrangement. 


Batching Counters 
A range of cold cathode equipment produced by Mullard uses pulse- 
plus-bias logic circuits to indicate when decade ring counters have 


HUNDREDS TENS UNITS 


RING OF 10 


INPUT 


RING OF 10 


RING OF 10 


PROGRAMME” 


J 


OUT 


Fig. 5.25. Programme tubes, Vi-V,, indicating completion of pre-selected count 
in decade ring counter at top of diagram. 


reached one or more particular pre-selected counts. It will be seen from 
Fig. 5.25 that the ‘programme’ tubes, Vi — V4, are used in arrangement 
very similar to that of a chain counter. Switches S1, Sz, and Ss connect 
the capacitors to selected cathodes of the tubes in the ring counters. 
Thus, supposing a count of ‘481’ is to be detected, switches Si, Se, and 
S3 are set to connect their capacitors to the cathodes of tubes ‘4’, ‘8’, 
and ‘1’ in their respective decade counters. 

A programme is initiated by applying a pulse to fire Vi. As tubes 
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V,-V4 share a common anode load, firing of Vi extinguishes any other 
conducting tube. At the same time the rise in cathode potential of 
V, causes a bias to appear on the trigger of V2. If now a series of pulses 
is applied to the decade scaler, C3 will apply a positive pulse to the 
trigger of V4 each time tube ‘1’ of the ‘units’ decade is struck. In the 
absence of a bias from V3, however, the pulse is of insufficient amplitude 
to fire V4. Similarly, pulses are applied by C2 to V3 each time tube ‘8’ 
is struck in the ‘tens’ decade. Since there is no bias on V3, however, these 
pulses do not produce triggering. Thus no further programme tubes 
strike until the decade scaler reaches a count of ‘400°. As tube ‘4’ of the 
‘hundreds’ decade strikes, its cathode delivers a positive pulse via S, 
and C; to the trigger of V2. Since V1 has already applied a bias to Vo, 
V2 fires and, in so doing, quenches Vj and applies a bias to V3. When the 
count reaches ‘480’ a pulse passes via Sp and C2 to strike V3. V3 now 
quenches V2 and biases V4. Finally, at a count of ‘481’, Va is fired by a 
pulse received via S3 and Cs. Thus an output appears on the cathode of 
V4 as soon as the pre-selected count has been reached. 

Many industrial applications may be found for this type of circuit. 
It may be used to count articles into boxes by batches of one hundred, 
one gross, or any other required number. Each time an output appears 
on V4 the flow of articles is diverted to the next box and the counter is 
reset to zero. 

By duplicating the switches $i, S2, and Ss and the programme tubes 
V:-Va, a digital speed control system may be constructed. A tachometer 
probe applies a pulse input to the decade counter, and after a pre- 
determined time interval the state of the programme outputs indicates 
whether the speed is low, within limits, or high. If the speed is within the 
pre-selected limits the counter will have passed one of the pre-selected 
numbers but not the other. With still more programme channels, speed 
errors may be classified according to degree as well as kind. 


Pattern Shifting Registers 
Fig. 5.26 shows a pattern shifting register which bears an obvious 
similarity to the chain counter of Fig. 5.23. Rp has been added between 
Rx and Cx, and a negative-going pulse is applied to the h.t. rail just 
before the positive-going pulse is applied to the triggers. By these means, 
a circuit is obtained in which any combination of tubes may be conduct- 
ing and in which the pattern of conducting tubes is displaced one posi- 
tion to the right whenever the h.t. rail and triggers are pulsed. 

Like the chain counter, this circuit relies on pulse-plus-bias logic. 
Suppose only V2 is conducting. The cathode of V2 will rise to a potential 
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Vx = (Vz — Vm). This bias potential is applied to the trigger of V3. 
The negative-going pulse on the h.t. rail is long enough to allow V2 to 
deionize, but so short that much of the bias remains on V3 when the 
trigger is pulsed. Consequently, when the two pulses are applied V3 is 
triggered and the pattern of conduction is displaced to the right. By 
making Rp > Rx, it is ensured that as soon as any tube is extinguished 
Cx applies to the cathode only a small proportion of the positive bias 
Vx which previously appeared across Rx. Thus, whereas in a chain 
counter Cx prevents a tube from restriking, in the shift register this 
does not occur. If, in the above example, V; had been conducting as 
well as V2, then after one transfer pulse V2 would have restruck due to 
the combination of trigger pulse and the bias previously received from 
V1. Thus the initial pattern, ‘Vi on, V2 on, V3 off’ would become ‘V; off, 
V2 on, V3 on’. 

Design of a shift register is rather more complex than that of a chain 
counter, since additional variables arise in the width of the anode 
quenching pulse and the time interval between it and the trigger pulse. 
No formal design procedure is offered here, in fact, since this must 
depend on which of several alternatives is adopted. For example, the 
trigger pulse generated by Vz in Fig. 5.26 will vary in amplitude with 
variations in Vp. A design using pulses of constant amplitude would be 
more straightforward and would lead to a larger tolerance on the value 
of Vz. 

The circuit of Fig. 5.26 was, in fact, designed to use a change-over 
microswitch to provide the h.t. interruption. As the switch arm moves 
from one contact to the other, the h.t. is interrupted long enough to 
allow the conducting tube to deionize. On reaching the opposite contact, 
however, the moving contact bounces for several milliseconds. It is thus 
necessary to delay the generation of the trigger pulse until the bouncing 
of the microswitch contact has ceased. This delay, which is provided 
by Rand C in the trigger circuit of Vz, leads to a considerable restriction 
of the circuit performance. As a result, the design shown has a maximum 
stepping rate of only about 2 shifts/sec and can accept an h.t. supply 
variation of no more than --10 V on a nominal 225 V. 

As a guide to design, the following principles may be indicated: 

The maximum bias which may be applied to a tube must always be 
less than Vp. Thus, 


Ve = Veaimax) — Vaiminy < Vein) (5.73) 
Whence, 
Vea(max) < Ver(miny) + Vtcmin) (5.73a) 
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Similarly, the maximum ‘trigger pulse amplitude, Ver, must not 
exceed Vr(min), but must approach Vr if performance is not to suffer. 
Close-tolerance tubes are therefore desirable. 

The arrangement of Vz shown in Fig. 5.26 would appear to provide 
a pulse of amplitude (Vg — Vm). In practice, the pulse is rounded by 


Fig. 5.26, Pattern shifting register. 


the finite formative delay of Vz, and so some 15-20 V of amplitude is 
lost in the coupling capacitors. 

The time-constant CpRr must be small enough to provide extinction 
of the trigger—cathode gap during the anode quenching period. Thus 


CeRr < To 
where 7p = deionization time. 3 
(In Fig. 5.26, CpRr~4. Tp) 


An increase in delay time, t, between the leading edges of the anode 
and trigger pulses requires an increase in Cx Rp if Veqmin is not to be 
increased. On the other hand, rapid cycling demands that CxRg be 
kept sufficiently low to ensure that the bias required for one cycle shall 
have collapsed almost entirely before the next. 

If values of the maximum required rate of cycling, fe(max), and + 
are known, a first estimate of Cx Rp may be made from Equation (5.74). 


+ 
(CxRs)optimum aS ( he =) (5.74) 
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With this value, the maximum tolerance on Vg should be obtained. 
Hough and Ridler [13] have described an alternative form of shift 
register. 


Self-resetting Circuits 

Crowther [2, 14] has described a number of self-resetting circuits useful 
where a relay must operate when an input exceeds a critical level and 
release when the input falls below the same level. Such circuits use either 


ol 


(3) 
Fig. 5.27. Self-resetting relay circuits (a) for Vini/2 < Via, (6) for Vinv/2 > Via. 


a.c. or unsmoothed rectified a.c. to supply the anode. Provided the 
trigger potential is sufficiently positive, the tube strikes each time the 
anode potential rises, and subsequently extinguishes as the anode falls 
below the maintaining potential. The pulsations of the intermittent 
anode current may be smoothed by a capacitor connected across the 
load. 

The simple circuit shown in Fig. 5.27 shows a backlash between the 
values of input causing the relay to operate and release. If a d.c. input 
Vg is applied to the trigger and gradually increased the tube will fire 
on every positive half-cycle of the anode supply when Vg > Vy. The 
trigger-cathode discharge is not quenched when the anode potential 
falls, however. Consequently, Vg must be reduced below the trigger- 
maintaining voltage, Vx, before the tube will cease to restrike on each 
new cycle, The backlash in critical input voltage is thus ( (Vr — Vy). 

Backlash may be reduced by quenching the trigger discharge before 
each new cycle so that only Vz is of importance. This may be done by 
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making the trigger circuit self-quenching. Such an arrangement might 
appear to require only a trigger-cathode capacitor in Fig. 5.27. A 
difficulty arises, however, in that the trigger discharges may either fail 
to synchronize with the anode waveform or else may synchronize un- 
favourably. In the first event the mean anode current will fluctuate un- 
desirably. In the second case the trigger may discharge just before the 
anode voltage has risen sufficiently for anode-cathode breakdown to 
occur. The next trigger discharge may then occur after the anode 
potential has again fallen so that no anode-cathode discharge occurs 
at all, even though the trigger is discharging twice in every supply cycle. 


(b) 


Fig. 5.28. Self-resetting relay with trigger discharge synchronized and quenched 
by a.c. to reduce backlash. 


; 
: 
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Crowther [2] has discussed this effect in detail and has shown that 
one solution lies in returning the trigger capacitor not to ground, but 
to a tapping on the anode supply. The trigger discharge is thereby 
synchronized to occur in the appropriate phase. Variations in anode 
supply voltage will affect the critical input voltage, however, and this 
technique is therefore not applicable where the greatest precision is 
required. 

An alternative method of synchronizing and quenching the trigger 
discharge is shown in Fig. 5.28. A combination of d.c. and a.c. bias is 
applied to the cathode so that when the anode discharge extinguishes, the 
cathode is at the same time carried positive to extinguish the trigger 


Fig. 5.29: Self-resetting relay in which dissipation in V; is kept low to 
minimize trigger hysteresis effect. 


discharge. On each new cycle, however, the diode becomes non-conduct- 
ing just after the anode has reached working potential. While the diode 
is non-conducting there is no bias on the cathode, and a trigger dis- 
charge will occur if the trigger potential is at or above Vr. When the 
tube fires, cathode current flows through the bias resistor to produce 
positive-going excursions as shown dotted in the waveforms of Fig. 
5.28 (6). 

Even the circuit of Fig. 28 shows a backlash of 1-5 V. This is due to 
the hysteresis effect (p. 67) arising from internal heating of the tube 
when current is drawn. This may be minimized by using a tube designed 
to show only a small hysteresis effect and/or by arranging that the tube 
dissipation is as small as possible. 

In Fig. 5.29, Vi operates in the self-quenching mode and hence carries 
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a mean anode current of <100 uA. Since this is too small a current to 
operate a robust relay directly, V; is made to trigger a second tube, Vo, 
by applying a negative-going pulse to its cathode (p. 75). The previously 
described cathode biasing system is shown synchronizing the discharge 
of V; to the anode supply of V2. The insertion of Rx in the path of the 
self-extinguishing discharge has no deleterious effect provided it is by- 
passed by Cx and Cx > Ca. It is desirable also to put CxRx < 1/f, 
where f is the a.c. supply frequency. 

Crowther and Gimson [14] have described a simplified version of this 
circuit, suitable for a.c. inputs. With two of these circuits they have 
produced an automatic a.c. voltage controller of the motor-driven 
variable-transformer type. 

For a wide range of applications it is not necessary to go to these 
lengths. The simple current-triggering arrangement shown in Fig. 5.27 
is adequate for those touch-circuits which provide a large change in 
input level between the ‘on’ and ‘off’ conditions. 

Even when discrimination is required between input levels only 
slightly above and below Vr, this may be provided by designing the 
trigger circuit so that self-quenching discharges are produced: at a 


sufficiently high frequency. 


Hence | : 
—_ CrRr< I/f 6.75) 
The value of Cy must exceed the minimum specified by the manu- 
facturer, Crcmin). 
-. fin + Rr < Cr/100f (5.76) 


where rin = inptt source impedance, 


f = frequency of a.c. mains supply. 


To prevent the anode potential from becoming excessively negative 
during the non-conducting half-cycle, it is in many cases sufficient to 
provide a rectifier load (Re in Fig. 5.27 (a)) of resistance much lower 
than the diode back-resistance. When shielded-anode, tubes are used 
(Fig. 5.30) the shield supply potentiometer, Rs and Ra, serves this pur- 
pose. With high-resistance relays the drop across the relay, Ix(mean) Rt, 
can exceed the permissible negative voltage which may be applied to 
the anode. Fig. 5.30 (6) shows one solution to this problem. During 
the negative half-cycle of the supply Dz becomes non-conducting. The 
voltage across Rx is then divided between'a negative voltage at the tube 
anode and a positive voltage on Ri, proportioned in the ratio Re: Rs. 


‘Atkinson [16] recommends Dz = OA202, Rs = 1 MQ, Re = 470 ka. 
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In Figs. 5.27 and 5.30 the priming anodes have been omitted for 
simplicity of presentation. Ideally they should be returned through the 
appropriate resistances to a positive d.c. supply. If they are returned to 


(9) (») 


Fig. 5.30. Self-resetting relays using shielded-anode tubes. (a) Basic circuit, (6) with 
additional components required with high voltage drop across relay Rr. 


the half-wave rectified supply there may be some jitter in the firing angle 
of the main anode due to statistical delays in striking of the priming 
anode discharge. 


Design of Anode Circuit . 
Atkinson [16] has published a set of curves from which the optimum 
anode circuit for the Z806W may be determined. He takes as his worst 
case the condition of low supply voltage, high resistor tolerance, and 
anode conduction delayed until the peak of the supply voltage wave- 
form. This last eventuality halves the mean current drawn by the tube. 
In the general design procedure given below it is assumed that anode 
conduction occurs during the whole of that part of the cycle over which 
the supply voltage exceeds the sum of the anode maintaining voltage, 
Vu, and the drop, Ix(mean) Rx, across the relay. Provided the anode take- 
over voltage (i.e. the minimum anode voltage at which transfer to the 
anode-cathode gap will occur) is less than 80% of the peak supply 
voltage, the errors introduced by this assumption may be covered by 
designing for a relay pull-in current 10% higher than the true value. 
The only assumption which remains is that a trigger discharge will be 
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present at the moment the anode voltage reaches the anode take-over 
potential, i.e. (a) if current triggering is used the trigger current must 
exceed the transfer current at the anode take-over potential, or (6) if 
capacitor triggering is used the discharge is synchronized to occur in 
the optimum phase, or (c) if capacitor triggering is used, self-quenching 
discharges occur at a frequency at least one hundred times greater than 
the supply frequency. 

In the extreme condition considered by Atkinson a significant delay 
occurs between the application of an anode voltage exceeding the value 
for take-over and the arrival of the next trigger discharge. The general 
design procedure may be made to cover this most pessimistic case by 
designing for a relay pull-in current double the true value. 

Estimation of the mean and peak cathode currents and a suitable 
value for Ri resembles the design of a trigger tube stabilizer (pp. 102 et 
seq). In this case, however, 


k= Vine 2/(Vin + &. TrerRt) (5.77) 
and ¢ pk. Fx(peaxy/g « Trer (5.14a) 


where Vm = r.m.s. value of the a.c. supply, 
u = 4 if half-wave rectification is used, or 
u = 1 if full-wave rectification is used, 
Jrer = relay pull-in current, 
g = factor (between 1 and 2) by which Jre1 must be increased to 
allow for considerations discussed above. 


Now, 
Ri 


Substituting from Equations (5.77) and (5.14a) for (Vm + g . Ire1Rt) 
and Jxqpeax) respectively, 


Ri 


I (peak) = a {¥av2 a. (Vin + g&. rary} (5.78) 


_ uk — 1) Vnvy2 


k ~p & « Tret 6.29) 


Vm should be chosen to be as high as possible without exceeding Vig 
at the crest of the waveform. g is a function of the ratio between anode 
take-over voltage (Var) and Vm. The table on p. 153 allows the approxi- 
mate value of g to be determined. Hence k may be determined from 
Equation (5.77) and p is thereafter obtained from Fig. 5.7. 

For trigger tubes not provided with a shield anode, supply voltages in 
excess of about 200 V cannot normally be used without resource to the 
circuit of Fig. 5.27 (6) in order to restrict the effective value of Vm to a 
lower value, Vm’. Ri is then provided by the impedance of Rx and Ry 
in parallel. 
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In adjusting Rx and Ry to preferred values, care must be taken 
neither to increase Vm’ (so that anode—-cathode breakdown occurs) nor 
to reduce Vm’ so far that the required value of [x is not provided in all 
circumstances. Equation (5.79) may be used to calculate the maximum 
permissible value of Ri. Some tolerance on Vm’ may be obtained by then 
choosing Rx and Ry to give a lower value of Ri. 

From Equations (5.77) and (5.79) it may be deduced that, if Ri and 
Vm' are changed in a manner which keeps g . Ire: constant, 


ie gear ca (5.80) 


In a typical circuit kK ~ 2:0, and hence k/(kK — 1) = 2:0, ie. a 10% 
reduction in Rj allows 5% reduction in Vm’. 

When it is necessary to use the circuit of Fig. 5.27 (6) it must be 
remembered that the tolerance, t, on Rx and Ry affects the ratio 
Ry/(Rx + Ry). Putting 


Vin’ _ Ry 
ee Va (Rx + Ry) (5.81) 
be (Ze 1. G9 
Pmin (Ze Deas cece Ry (i—d (5.81a) 
and 
1 -(% 14% .4-9 
Pmax Ce dig SL Re a +a (5.81b) 
2-H _ flat 
Pmin Pmax 1—t 1+¢ Rx 
1/e (Rx + RyRy Ry 
4t Rx 
~ 1 — (Rx + Ry) (5.82) 
Now 
d(i/a) _ —da 
1a) a 
- 82 Pm —pmin_ _ 4t | __—ORx 
ee e ~1—f Rx + Ry . (5.82a) 
But 
dVm' _ de 
Vm’ sop 
Hence, combining Equations (5.80) and (5.82a), 
Rika Toa (5.83) 
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In general, ¢ < 1 and the tolerance, ¢, on Rx and Ry is.given by 


1k—-1 1 8m 


4" et Te (5.83a) 


For a shielded-anode tube the manufacturer usually specifies the 
appropriate proportion, z, of the anode supply voltage to be applied 
to the shield, Ag. Thus, referring to Fig. 5.30, 


- g = Rs/(Rs + Ra) (5.84) 
and Raz = RsRa/(Rs + Ra) (5.85) 
Whence, Ra = Rao/z (5.86) 
and Rs/Ra = z/(1 — 2) (5.87) 


Design Procedure for Self-resetting Relay 
(a) Set out the following data for the selected tube: 
Anode breakdown potential, Vig 
Anode maintaining potential, Vx 
Maximum permissible average cathode current, Ix,av) (max) 
Maximum permissible peak cathode current, Ix px) (max) 
Minimum anode voltage for transfer (anode take-over voltage), 
Vin : 
Nominal impedance of supply to shield anode, Rae 
im) Set out further design data: 
R.m.s. voltage of a.c. supply, Vin 
Fractional tolerances, +r; and —re, on a.c. supply voltage 
Fractional tolerance +-w on Ri (Figs. 5.27 (a) and 5.30) 


Supply frequency, f 
Full-wave rectification (u = 1), or half-wave (u = 4) 


(c) Determine r.m.s. value, Vm’, of required nominal a.c. supply 


voltage, 
Vie 


(I + ri)v2 


(d) Determine the minimum factor, g, by which the relay pull-in 
current must be increased, 


Vn’ < (5.88) 


Var Vi’ & 
0-75 1-2 
0-95 1-4 
1-10 1:7 
1-20 2-0 
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(e) Select a relay, coil resistance Ry, which will operate reliably at a 
pull-in current /re, such that 


1 — ra |? Ixiav) (max) 
re. < eS . 
Frei E a =| . (5.89) 
(f) Determine k. 
k Va’ 2 (5.77) 


~ Vu + 8 TreRe 
(g) From Fig. 5.7, determine the corresponding value of p. 
(A) Determine the maximum nominal value of R1, 
u(k — 1) Vm's/2 (1 — re) 
k.p &. tre d+ w) 

If the anode circuit is according to Fig. 5.27 (a) or Fig. 5.30, 
adopt the nearest standard value below the calculated value of 
Ri. 

(J) Calculate the peak current, Jxcpx), corresponding to the worst 
case, 


(5.79a) 


Ri(max) = 


wk-1 Vm'2 dtr) 
Txipx) S ho OR (a) (5.90) 
(k) Check that Ixqpxy < Ix (px) (max). 

If this is not so, choose a relay of higher coil resistance. Alter- 
natively, if a half-wave supply was proposed, consider using a 
full-wave supply. 

(2) Check that (u/p) . Ix(@x . Ru < 90 . 

If this is not so, add De, Rs, and Re as in Fig. 5.30 (5), putting 
Rs = 1 MQ, Re = 470 kQ. 

(m) Note the percentage by which Ixqx) is below Jx(pw (max), OF 
(p/u)Tkav) (max), OF 9Op/u. Rr. Reduce the value of Ri by half 
the smallest of these percentages to Ri’. 


(n) Determine p(max) = Vin'/Vin. 
If e¢maxy < 1:0, the circuit of Fig. 5.27 (6) must be used. In 
this event, determine Rx’ such that 


Rx’ ~~ Ri’ /e (max) (5.91) 
(0) Determine 8R/R1. 


3Ri/Ri = (Ri — pomax) . Rx’)/Ri 


(p) Determine the maximum permissible tolerance, t, on the value 
of Rx’. 


ee eee (5.83a) 
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(q) Evaluate Ry. 
pes 1-ft . », _Pimax) 
al pra Sak pn (5.81c) 
(r) Choose preferred values and tolerances for resistors such that 
Rx and Ry always lie within the limits imposed on Rx’ and Ry’ 
by the fractional tolerance, t¢. 
(s) Choose C so that 
CZ 1/C2fu. Rx) (5.92) 
(t) For shielded-anode tubes, determine from manufacturer’s data 
the proportion, z, of Vm' to be applied to shield anode. 


(u) Determine the approximate value of Ra. 


Ra Z Ras/z : (5.86) 
(v) Choose preferred values for Rs and R, such that 

Rs Zz 

ma (5.87) 


In choosing Rs and Ra,, it should be remembered that the ratio, 
R3/Ra, may be critical, whereas Rag is not. In general, the nominal values 
of R3 and R, should satisfy Equation (5.87) with an accuracy of better 
than 5% and 5% tolerance resistors should be used. If necessary, Rs 
and Ra may be reduced to obtain a required ratio and Raz may be 
maintain by insertion of an additional resistor in series with Ao. 


EXAMPLE 5.9 Self-resetting Relay Using Primed Triode 

Design the anode circuit for a CV2434 self-resetting relay to operate on 
half-wave 50-c/s supply, nominally 220-240 V r.m.s. and subject to 
+10°% voltage variations. 


(a) Set out tube data: 


Via = 290 V Tx(év) (max) = 25 mA 
Vu = 105 V Txipx) (max) = 100 mA 
Var = 170 V 


(5) Set out additional data: 
220-240 V +10% ~ 230 V 415% 
*. Va = 230 Vr.m.s, and ri = re = 0-15 


f= 50 u=4 
Put w=0:10 
© Pee oO 2. 

m < Tisy2~ 178 V r.m.s. 
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Vai = 778 0-955 
*, gow1'5, say. 
0-85\2 25 
(e) Ina < (T8) X 75 = 92mA 
Hence choose a 2-k© relay for which fre: = 8 mA. 
Nn k= 1784/2 — 195 


105 + 15x 8 x 2 
(gz) From Fig. 5.7, p = 2:0 

4 x 0-95 178-/2 : 0:85 
1:95 x 2:0 15x 8° 1:10 


() In the worst case, 


(A) Ri(max) = =197k2 


0-95 1784/2 0-85 
jos fo) To 


(k) Icon) < Zx(px) (max). Hence the design is practicable. 
(3) (ulp) . Ixipx) . Ru = (4/2:0) x 80 x 2 = 40 V(<90 V) 
Hence Dz, Rs, and Re are not required. 


(m) Ix(px) is 20% below Ji(px) (max) or (p/u)Ix(av) (max). Hence reduce Ri 
by 107% to Ri’ = 1:77kQ. 


(n) Ptmax) = 178/230 = 0-775 
Hence the circuit of Fig. 5.27 (6) must be used. 
Rx’ 21:77/0-775 = 2°29 kQ, say 2:2 kO 


TIxwow = 


(0). 5Ri/Ri = (1-97 — 0-775 x 2 2)/1:97 = 0-132 
1. 0:95. 0-132 
(p) 7 X7795 * 0-235 ~ 0-071 
@ , _ 0946 O77S 2 
w= 7094 % 22 Gags — CORR 
(r) o. Rx =2:2kQ 47%, 


Ry = 68 kQ 47%. 
1 


(9) C\FX 50 x EX 2,000 ~ ate 


Solution: 
Using the circuit of Fig. 5.27 (6), 
Ri = 2 kO, operating at 8 mA, 
Rx = 2:2kQ 47%, 
Ry = 68 kQ +7%. 
C = 10 uF approx. 
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EXAMPLE 5.10 Self-resetting Relay Using Shielded-anode Tube 
Design a self-resetting relay circuit for operation on 200-250 V r.m.s. 
50-c/s supply with half-wave rectification. Use the Z806W shielded- 
anode tube. 


(a) Vic = 390 V Tx(av) (max) = 25 mA 
Vu = 110 V Txcpx) (max) = 150 mA 
Var = 220 V Raz = 120 kQ 
(6) Vn = 225 V r.m.s. rr =re = 0-11 
f= 50 “= 4 
Put w=0-10 
P 390) 
(c) Vin’ < Tiv2 = 248 Vr.m.s. 
Hence put Vin’ = Vn = 225 V r.m.s. 
Var 220 
(d) UV, 25 = = 0-98 
*g=155, say. 
0:89\2 25 
(e) rer < () x z= 15 = 10-7 mA 


Select a relay, 4 kQ coil resistance, operating at 5 mA. 


_ 2252 
Y) kK=Ti LTS x5 x4 


(g) From Fig. 5.7, p = 1-95. 
Ex 127. 2259/2 | 0-89 


== 2:27 


() Riu) = 557% 1-95 ° 5x5 bio ee 
(/) In the worst case, 
i cea OT) IE ANN oe Bick 


“227 “492 * 0-90 
(kK) Ixipxy) < Ix(pk) (max). Hence the design is practicable. 
(D (u/p) . Inox) . Ru = /1:95) x 44-5 x 4 = 45-5 V (<90 V) 
(m) Ixipx) is 70% below Jxcpk) (max), 
54% below (p/u) . Txcav) (max), 
and 49% below 90p/u . Ru. 
Hence reduce Ri by approximately 4 x 49%, ie. by 24:5%. 
Ri = (i — 0-245) x 4:92 = 3-72 kQ, say 3-9 k@ 
(m) From (c), e(max) = 225/225 = 1-0 
Hence the circuit of Fig. 5.30 (a) is acceptable. 
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(0), (p), (q), and (r) do not apply. 
1 


(9) CZ IKKE x 4000 ~ FHF 

() Z207 

(u) Ri =0-7 X 120 = 84k, say 82k. 
Rs 07 

% Ri 03 


*, Rs = 200kQ +5% 
Ra = 82kQ 45%: 


Solution: 
In the circuit of Fig. 5.30 (@), 
Ry = 4kQ, operating at 5 mA, 
Ri = 3-9kO +10%, 
Rs = 200 kOQ +5%, 
Ra = 82kQ +5%, 
C = 5 uF approx. 
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CHAPTER SIX 
Arc Discharge Tubes 


If a cold cathode tube is connected directly in parallel with a charged 
capacitor, breakdown of the anode—cathode gap allows the discharge 
to carry a current which is limited only by the ‘internal resistance’ of the 
discharge and by resistance and inductance of the leads from capacitor 
to tube or in the capacitor itself. It follows that, unless the capacitance 
is kept so small that it discharges before the tube has become heavily 
ionized, the discharge will pass rapidly through the normal and abnor- 
mal glow regions to become an arc (Fig. 2.2). The discharge then centres 
on a small spot on the cathode and the high current density (100- 
1,000 A/cm?) leads to rapid destruction of a cathode not suited to this 
mode of operation. 

_ Three classes of cold cathode arc tubes are discussed here: 


(1) Stroboscopic flash and switching tubes provided with internal 
electrodes permitting triggering from low-voltage, low-energy pulses. 

(2) Photographic and stroboscopic flash tubes and switching tubes 
in the form of ‘diodes’ with an externally wrapped trigger lead requir- 
ing a high-voltage triggering pulse. 

(3) Thyratrons (‘Arcotrons’) designed to carry continuous currents 
of several Amperes. 


Arc Discharge Tetrodes 

In 1928 Steinert [1] described the first use of a neon tube to provide a 
high-resolution stroboscope with no moving parts. A saturated-core 
transformer connected to the supply mains generated a peaked wave- 
form which was applied to a neon diode and ‘tuning capacitor’ connected 
in shunt across the secondary winding. On each half-cycle of the supply 
the lamp produced a flash of duration estimated at 20 usec. 

Four years later, Quarles [2] described a neon-flash stroboscope 
with many features characteristic of modern devices, but using the 
KU-610 hot cathode tube. This grid-controlled tube provided a 
0°3-ysec flash in response to triggering pulses from a multivibrator or 
electrical contacts. 

The work of Edgerton, Germeshausen, and Grier led to the cold 

160 
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cathode neon tetrode exemplified in the Sylvania ‘Strobotron’ and 
Ferranti ‘Neostron’. Hilliard [3] describes the Sylvania 1D21/631P1 
illustrated in Fig. 6.1. Between anode and cathode lie a cylindrical 


ANODE 


GLASS SLEEVE 


WIRE INNER 
GRID (G1) 


GLASS PINCH 


Fic. 6.1. Electrode structure of arc tetrode (Sylvania 1D21/631P1). 


graphite outer grid, Ge, and, nearer the cathode, a wire probe inner 
grid, Gi. The control characteristics of the tube are complicated by the 
number of variables involved: given suitable applied voltage, a discharge 


Fig. 6.2. Ignition characteristic of arc tetrode. Triggering is usually effected by 
breakdown between Gz and Gi. 


may be initiated in either direction between any pair of electrodes. A 
study of the triggering characteristics in Fig. 6.2, however, shows that 
the anode voltage has little effect on the critical grid potentials for the 
normal mode of operation. This comprises holding Gz positive and 
applying a negative-going pulse to G1. A pulse of —30 V will suffice 
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with a positive bias of about 100 V on Ge. The triggering characteristics 
tend to change during the life of the tube, however, and it is therefore 
preferable to bias less critically and apply a much larger trigger pulse. 
If this is generated by a trigger tube operating in the self-quenching 
mode this may easily be of the order of 100 V. 

With a negative-going pulse on Gi, breakdown between anode and 
cathode follows after-a formative delay which, though dependent on 
anode voltage and, to some extent, on pulse amplitude, is independent 
of pulse duration. Feinberg [4] has studied the performance of neon- 
filled and argon-filled tubes with pulses of both polarities. With positive 
pulses on G, he finds anode breakdown tends to occur at a fixed time 
after the termination of the trigger pulse. This is not surprising, since 
with positive pulses the field between Gi and Geis in a direction to oppose 
the diffusion of electrons into the anode—Gez gap. With increasing anode 
voltage this relation expires at progressively shorter pulse durations. 
Feinberg was able to produce a controlled delay of 10-400 psec. 

Once an anode-cathode breakdown is established, it is important 
that the cathode current be allowed to rise rapidly to a sufficiently high 
value (~5 A) to produce an intense cathode spot and so allow the 
discharge to become an arc. To this end, a cathode is used containing 
caesium. The capacitor discharges rapidly through the arc until a 
charge of only 20 V remains. At this voltage the discharge normally 
extinguishes. As the arc impedance is low, excessive series inductance — 
due to long leads, for example — can lead to voltage backswing and 
inverse conduction. The anode then assumes the role of cathode, and 
severe sputtering may result. This will produce blackening of the 
envelope and some clean-up of the gas. Series inductance should 
therefore be minimized (e.g. by shortening and twisting leads) or, if it 


Fig. 6.3. Free-running stroboscope. 
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is unavoidable, sufficient circuit resistance should be introduced to 
provide critical damping. 

A simple free-running stroboscope may be constructed to the circuit 
of Fig. 6.3. In operation such a stroboscope may show some ‘jitter’ due 
to its sensitivity to changes in supply voltage and tube characteristics. 
It is accordingly preferable to synchronize the stroboscope tube by 
applying negative-going pulses to G, from a separate multivibrator or 
blocking oscillator. 

In addition to the neon-filled tubes, similar tubes are available with 
other gas-fillings (e.g. argon) better suited to photographic applications. 


Switching Diodes and Flash Tubes 
Edgerton, Germeshausen, and Grier were responsible also for the first 
photographic flash tubes of the ‘electronic’ variety, as distinct from the 


Fig. 6.4. Simple flash tube circuit. 


expendable incandescent flash bulbs. The photographic flash tubes were 
based on the same research work as the tetrodes, but were designed 
specifically for high actinic light output. Instead of neon, argon or 
xenon-krypton fillings are used to provide an almost white flash. The 
discharge path is also lengthened to increase the parameter which 
Murphy and Edgerton [5] call ‘tube resistance’. Finally, the tube is 
designed to accept a very high instantaneous power dissipation (~ 1MW). 

Fig. 6.4 shows a simple circuit for the operation of a flash tube. 
Closure of switch S discharges C; through the primary of the triggering 
coil. Capacitive coupling of the high-voltage impulse applied to the 
external trigger (~ 10 kV) is sufficient to distort the potential gradient 
within the tube and lead to breakdown. The storage capacitor, C, then 
discharges through the tube, the current being limited by the ‘tube 
resistance’, rt, and the series resistance, rs, of the leads. 
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The energy, E, stored in the capacitor is given (in Joules, or watt- 
seconds) by: 
E=4CVe (6.1) 


If the arc extinguishes at a voltage, v, the energy, e, remaining in the 
capacitor is given by: 
e = 4cCy (6.1a) 


The energy drawn from the capacitor is thus 
(E — e) = 4C(Ve? — v?) (6.2) 


Some of this is dissipated in series resistance, rs, the rest in the tube. 
It is the designer’s object to maximize one of these dissipations and 
minimize the other. In a switching tube he attempts to minimize the 
tube losses. If, to this end, the ‘tube resistance’ can be made negligibly 
small the energy dissipated by the tube is given by: 


Eo =(Q@—-Qgv=C(h — vv (6.3) 
where Q = initial charge on C, 
and q = final charge on C. 


The efficiency of energy transfer from capacitor to tube is then given 
by 10, where ; 
no = Ex/(E — e) 
J. No-= 2v/Ve + v) (6.4) 


In a typical tube, v20 V. Switching tubes operate with anode 
voltages as high as 10 kV. With negligible internal impedance, such 
tubes should therefore give practical efficiencies of >99%, i.e. this 
percentage of the stored energy is delivered into the /oad. 

In a photographic flash tube it is the object to transfer as much energy 
as possible into the tube. These tubes are therefore made with long 
discharge paths, often folded into a U or a helix. This produces a 
significant voltage drop in the positive column, and Murphy and 
Edgerton [5] have ‘shown that, once a discharge has been initiated, such 
a tube behaves substantially as a resistance of 1-3 Q. 

Extending the foregoing treatment to cover a tube comprising a 
positive column of effective resistance, rt, in series with a cathode fall, v, 


n= Ej(E — e) 


Es 


aa 1a) 


(6.4a) 
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where Ez is the energy dissipated in the series resistance, rs, of the external 
circuit. 


Now Es = (Q—@)Vs 


= HC(WVe ~ va 


-(Ve — »| (6.5) 


Is 


ee oe rs Vo-—v 
anand (- + alee + 4 _ 6) 


From Equation (6.6) it will be seen that, to ensure a high efficiency, 
n, of energy transfer from capacitor to tube, it is necessary that rt > rz. 
As it is not easy to keep rs much below 0:1 Q, the length of a photo- 
graphic flash tube is usually made sufficient to raise ry to 2 or 3 Q. The 
value of 7; varies almost in proportion to tube length. 


Light Output 

The nature and efficiency of light emission by a flash tube has been 
studied by Tuttle, Brown, and Whitmore [6] and by Olsen and Huxford 
[7]. 

Tuttle and others remark that, with tubes having an effective resistance 
of 1 Q, the flash duration (in seconds) is equal to the storage capacitance 
(in Farads). Very short flash durations, of the order of 1 usec, are 
achieved only if great care is exercised to minimize resistance and 
inductance in the leads connecting tube and capacitor. Flash durations 
of 30-100 usec are more typical for tubes operating at about 2 kV and 
about 1 msec for low-voltage tubes. The majority of photographic flash 
tubes have a tube resistance of about 3 Q. Hence, for such a tube, the 
flash duration (in seconds) is about three times the value of C (in Farads). 

In the tubes studied by Olsen and Huxford [7] the tube current and 
power dissipation rose to a peak at about 2 psec from breakdown. 
Thereafter the capacitor discharged exponentially according to the 
relation 

i = Imax) . e-tler, (6.7) 


The curve of light emission against time is less sharply peaked than 
the i/t curve and reaches a peak 4-8 usec after the peak current occurs. 
The spectral distribution of the light emission changes during the 
flash, containing a preponderance of ultra-violet at first and infra-red 
at the end of the flash. For most practical purposes, however, the 
flash may be considered white and matching daylight. The high loading 
of the arc broadens the lines characteristic of the gas used and produces 
such a large continuum that they are no longer significant. 


166 - Cold Cathode Tube Circuit Design 


When Vc > v it may be deduced from Equations (6.2) and (6.6) that 
the light output, £, will be governed by the relation: 


LoC.VeE (6.8) 


In practice, the light output increases more rapidly than either C 
or V2. This effect is more pronounced at shorter wavelengths and is 
apparently due to the higher level of ionization produced by higher- 
energy discharges. 

In the more general form of Relation (6.8), viz. # a (C. Vo")", 
Olsen and Huxford report that for the infra-red band, n = 1 for xenon, 
1:2 for argon, and 1°6 for neon. In the visible band n = 1:8 for argon and 
2:1 for neon. In the ultra-violet n = 2:3 and 2°8 for the same two gases. 

Provided C and Vc remain constant, a flash tube provides excellent 
consistency of light output. Vc may conveniently be stabilized by a 
trigger tube shunt stabilizer of the type shown in Fig. 5.4. For the most 
precise work, the first flash of each series should be ignored as the light 
output is slightly lower than that produced by subsequent flashes. 

With a single flash an efficiency of 50 lumens/watt may be achieved. 
Stroboscopic flash tubes studied by Carlson and Edgerton [8] produced 
only 20-30 lumens/watt due to the reduced loading which could be 
applied at each discharge. 


Limits of Loading 

With single flashes the tube loading is usually restricted by heating of 
the walls. Excessive loading produces ‘crazing’ of the glass which permits 
out-gassing. This in turn leads to a rise in breakdown voltage so that 
the tube becomes difficult to trigger. To some extent this may be offset 
by extending the length of trigger lead wrapped around the tube 
envelope. (Conversely, if a tube fires spontaneously the wrap-round of 
trigger lead may often be reduced with advantage.) 

When a tube is flashed repetitively, as in stroboscopic applications, 
the mean dissipated power, Pav) (max), is important. Glass will conduct 
if heated excessively, and the trigger impulse may then puncture the tube 
wall. Glass tubes may also fail due to softening. Quartz softens at a 
much higher temperature, and is therefore used for high-power strobo- 
scope tubes. Repetitive flashing also increases the electrode tempera- 
tures and stroboscope tubes must accordingly use relatively large elec- 
trodes capable of dissipating the heat developed. Carlson and Edgerton 
[8] describe experiments with tubes operating at a mean dissipation of 
5 kW with forced air cooling. 

If the maximum average power dissipation, Pray) (max), for a given 
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cooling system is known the maximum energy, £, per flash (assuming 
100% efficiency of power transfer to tube) is given by: 


E= Prav) (max)/f = 4CVe2 (6.1b) 


As the frequency, f, of flashing is raised, the energy per flash must 
be proportionately reduced. From the foregoing, it will be appreciated 
that this reduces the efficiency of light generation, particularly at 
shorter wavelengths. 


Charging Circuit Design 

Referring to Fig. 6.4, the theoretical maximum efficiency of 50° is 
approached if CR < 1/4f. This means that the mean power dissipated 
in Ro is the same as that in the discharge circuit. Thus, since C has 
charged to >98% of Vz, 


Wattsa, ~ 4fCVc? = 4fCV a2 (6.9) 


Hilliard [3] provides design curves useful when CR > 1/4f. 

For stroboscopic applications in which power economy is important, 
the charging resistor, Re, may be replaced by a choke and diode, as in 
Fig. 6.5. After the first discharge the choke swings positive to charge 


Fig. 6.5. Stroboscopic flash tube with high-efficiency power supply. 


C to 2Vz. The diode D then prevents loss of charge. This arrangement 
approaches 100%, electrical efficiency and, moreover, provides voltage 
doubling so that the value of C may be reduced to one-quarter for a 
given energy per flash. Carlson and Edgerton [8] discuss the design 
and operation of this type of charging circuit. They summarize their 
findings in three recommendations: 


(1) The peak energy-storage capacity of the inductor, L, must be 
at least one-fourth the final energy storage of the capacitor. 


ie. L > 4EbCve?] (6.10) 
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(2) For a given capacitance, the inductance should not be so large 
that 24/LC exceeds the period between flashes. 


1 1 
Gfye' C 

(3) The inductance should not be so small that recharging is effected 
much more rapidly than required by the frequency of flashing. A low 
inductance increases the danger of ‘hold-over’ due to Vc rising to 
restriking potential before deionisation is completed. 


ie. L< (6.11) 


Cold Cathode Arc Thyratrons (‘Arcotrons’) 
Whereas the tubes so far described in this chapter are all designed to 
carry large or very large currents for short periods (~1,000 A for 
~10 usec) many applications call for a thyratron capable of carrying a 
few Amperes continuously. In 1961 the Swiss firm Cerberus, of Maenne- 
dorf, announced a range of cold cathode thyratrons representing an 
attractive alternative to both hot cathode thyratrons and _ silicon- 
controlled rectifiers. The standby power consumption. (<0°5 W) of 
these tubes is much less than that of comparable hot cathode thyra- 
trons. In 1961 the overload capacity and price of the cold cathode 
devices compared very favourably with solid state equivalents. On the 
other hand, the arc drop (~20 V) restricted the value of the ‘Arcotron’ 
to applications in which the consequent power loss was not serious. 
Fig. 6.6 shows diagrammatically the ‘Arcotron’ as described by 


Fig. 6.6. Diagram- 
matic representation 
of ‘Arcotron’ tube. 


G HA 
K 
Seifert [9]. A priming current of 10 or.20 mA flows from an auxiliary 
anode, HA, to the cathode K. The arc drop between these two electrodes 
is 20 to 25 V. Some of the electrons accelerated towards the auxiliary 
anode pass through perforations in HA to enter the space between HA 
and a control grid, G, which is also perforated. If G is held negative 
its retarding field repels electrons and they return to the auxiliary anode. 
On the other hand, if the potential of G is zero or positive electrons are 
accelerated by the positive main anode, A, and, entering the gap between 
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G and A, they produce breakdown. Once an arc is established between 
G and A in this way it may be interrupted only be reducing Va_x below 
the arc maintaining voltage of ~20 V. 

Because the field of the main anode extends through the grid per- 
forations, the critical grid potential depends to some extent on the 
applied anode voltage. Nevertheless, Fig. 6.7 shows that, for a Type 


*60 -40 -20 O +20 +40 +60 


Vo 


Fig. 6.7. Control characteristic of BT14 ‘Arcotron’. 


BT14 tube, operating with anode voltages in the range 600-800 V, a 
grid bias of —15 V will always inhibit firing and the tube will always 
fire if the grid becomes more positive than —2 V. Control by transistors 
is therefore quite practical. 

The ‘Arcotron’ should not be confused with another Cerberus tube 
which has been described by Pun and Mitter [10]: the glow thyratron 
(p. 65). In the latter tube the discharge operates in the normal glow 
region and the maximum continuous current is accordingly much 
smaller (~40 mA). ‘Arcotrons’, on the other hand, can carry continuous 
currents of 3 or 6 A and peak currents of 100 or 200 A. 


ELS 


THERMOMETER 


Fig. 6.8 Circuit for thermostatic control using BT15 ‘Arcotron’. 


170 - Cold Cathode Tube Circuit Design 


Fig. 6.8 represents the application of a Type BT15 tube to the thermo- 
static control of a water bath. Only a few microamperes flowing through 
the electrodes of the contact thermometer initiate switching of 3 Ar.m.s. 
in the load. The tube deionizes on each negative half-cycle of the a.c. 
supply. On each positive half-cycle, the auxiliary arc restrikes and the 
main arc is established if the thermometer contacts do not apply a 
negative bias to the grid. 

Other tubes in the range are capable of switching continuous loads of 
up to 2 kW, 
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CHAPTER SEVEN 


Stepping Tubes 


The proprietary name ‘Dekatron’ has become almost synonymous with 
the cold cathode stepping tube. Since the introduction of the first 
Ericsson counting tubes in 1949, however, comparable tubes have been 
made available by other manufacturers, and today the stepping tube 
assumes a variety of forms. That originally described by Bacon and 
Pollard [1] has survived almost unchanged and, with the slightly later 
form shown in Fig. 7.1, is still widely used. 


Fig. 7.1. The GC10D 
‘Dekatron’ stepping 


Fig. 7.2. Electrode arrangement of 
tube. stepping tube with 30 cathodes. 


In its most common form the stepping tube comprises thirty rod-like 
nickel cathodes disposed in a ring around a single disc-shaped anode. 
The whole is enclosed in a gas-filled glass envelope and is provided with 
a multi-pin base. Every third cathode, Ko, Ki, ... Ko, in Figs. 7.2 and 
7.5 (a), is an ‘index cathode’ while the intermediate electrodes are 
known as ‘guides’. (Often the index cathodes are referred to merely as 
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‘cathodes’.) The guide adjacent to an index cathode and displaced 
from it in a clockwise direction is called ‘Guide A’. Between Guide A 
and the next index cathode lies ‘Guide B’. All ‘A’ guides are connected 


a 


GDA 
GD.B 


Fig. 7.3. Symbolic representations of stepping tubes: (a) counter with common con- 
nexion to nine index cathodes and separate connexion to Ko, (5) selector tube with 
separate connexion to each index cathode. 


together, and all ‘B’ guides are also connected. Nine of the index 
cathodes are also connected. One remains separate so that an output 
pulse may be generated on every tenth count. Thus only five external 
connexions may be provided, as follows: 


(1) Anode (4) Common cathodes 
(2) Guide A (5) Output cathode 
(3) Guide B 


The symbolic representation of this tube is shown in Fig. 7.3 (a). 
Fig. 7.3 (6) represents a selector tube in which each index cathode is 
brought to a separate pin so that thirteen connexions are required. 


Principle of Operation 
A bias of about +-40 V is applied to both sets of guides. An h.t. voltage 
of about 475-500 V is applied to the anode through an anode load resis- 
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tor of about 330-820 kQ. Natural radiation provides sufficient primary 
ionization to cause breakdown to occur, although in the dark this may 
take some minutes. When a discharge takes place between anode and 
one index cathode it is visible through the end of the tube as a glow on 
the cathode concerned. A numbered escutcheon is commonly placed 
around the tube so that the glowing cathode may readily be identified. 

In this static condition the anode-cathode maintaining voltage, Vx, 
is typically 190 V. The position of the discharge is perfectly stable, since 
the guides on either side of the conducting cathode are biased positively 
and the discharge tends always to seek a more negative electrode in its 
vicinity. 

This fact is used to transfer the discharge from one cathode to the 
next when a count is to be registered. A pulse is applied to Guide A 
to drive it below cathode potential. As a result, the glow discharge 
transfers to the adjacent Guide A electrode. Before the Guide A poten- 
tial has again risen a pulse is then applied to Guide B so that this also 
is depressed below cathode potential. As the Guide A potential rises, 
therefore, the glow transfers to the adjacent Guide B electrode. Finally, 
as the Guide B potential rises once more to the bias of --40 V the glow 
transfers to the adjacent index cathode. Here it rests until the appro- 
priate pulse sequence is again applied to the two guides. 

At each stage the discharge is moved by offering it an adjacent new 
cathode at a lower potential. The breakdown voltage of this adjacent 
anode-cathode gap is reduced to about 200 V by the neighbouring glow 
discharge. The discharge readily moves into this gap if the new cathode 
is made as little as 10 V negative with respect to the cathode on which 
the discharge rests. Once the new guide electrode has received the dis- 
charge the anode assumes a potential 190 V above it. This is too low to 
maintain a discharge to the former cathode, and so only the new guide 
electrode is left conducting. : 

When the discharge rests on, say, K4, the breakdown voltage from 
anode to GDAs is about 200 V, but to GDA, and GDAg about 250 V. 
This is because these electrodes are farther away from the glow and so 
less heavily primed. Thus, although all Guide A electrodes are pulsed 
simultaneously to the same potential, there is normally no danger that 
the discharge will transfer to other than an adjacent electrode. 

By connecting a resistor in series with the Ko cathode, an output 
pulse of about 20 V may be obtained which can operate a second counter 
through a suitable pulse amplifier. 

An important advantage of the type of tube discussed so far lies in 
its ability to step in either direction. Reverse counting requires only 
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reversal of the sequence of pulses applied to Guides A and B. Some 
complication of inter-stage coupling is involved, however. 


Types of Guide Pulse 
Guide pulses may assume three forms: 

(a) Staggered double rectangular pulses showing some degree of 
overlap, as in Fig. 7.4 (a). Of the three methods, this usually requires 


Fig. 7.4. Types of guide pulse: (a) double rectangular, (b) integrated pulse, 
(c) pulse differentiated at Guide A, integrated at Guide B. 


the most complex circuitry for pulse generation. On the other hand, 
since both the leading and trailing edges of the pulses are well defined, 
the glow rests on each cathode for a controllable and well-defined 
period. This may be a valuable feature when an output is taken from 
one or more cathodes to operate other circuits, particularly when 
logical circuits are involved. Chaplin [35] reports that, when tubes are 
to be operated at maximum speed, this method of drive provides the 
greatest reliability of stepping. 

The probe of a revolution counter can often be arranged to generate 
two pulses in an appropriate displacement. Reversibility is then obtained 
directly as the phasing of the pulses reverses with the direction of 
rotation. 

(b) Integrated pulse drive, as indicated by Fig. 7.4 (6). A rectangular 
pulse is applied to Guide A and a simple RC integrator applies a delayed 
pulse to Guide B. 


4 
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This type of drive is simpler to provide and does not entail the danger 
of a space between pulses. It can be made to operate satisfactorily at 
high speeds, but as the trailing edge of the Guide B pulse is not well 
defined, the leading edge of an output pulse from an index cathode will 
show considerable ‘jitter’. Only the trailing edge of the cathode output 
pulse is well defined. 

(c) A combination of differentiated pulse on Guide A and an inte- 
grated form of the same pulse on Guide B. This is shown in Fig. 7.4 (c). 

If the time constants are chosen to hold Guide A below Guide B 
long enough to ensure that it accepts the discharge, then the long 
exponential recoveries of the guide potentials severely restrict the maxi- 
mum speed of operation. This may not be of consequence in the later 
stages of a decade scaler, and the circuit is frequently used in this 
application. 


Other Types of Stepping Tube 

In addition to those tubes described above, similar tubes are available 
having 12 index cathodes and 24 guides. These effect glow transfer by 
the methods described already. So also do the tubes provided with 
auxiliary anodes (p. 203) and the low-voltage stepping tube (p. 195) 
designed for transistor drive. 

Various alternative forms of stepping tube have been described 
[2, 3, 4] and are indicated diagrammatically in Figs. 7.5 (6), (c), and (d). 
These may be compared with the type already discussed and indicated 
by Fig. 7.5 (a). All are based on the principle of extinguishing the 
discharge to one cathode by initiating a discharge to an adjacent, 
temporarily more negative, cathode. 

An important example is the single-pulse Dekatron (Fig. 7.5 (b)), of 
which the GCIOD was the first type commercially available. This tube 
remains substantially as first described by Acton [3] in 1952, although 
developments have been made in the associated circuitry. 

The GCIOD differs from the double-pulse ‘Dekatron’ in having 
40 cathodes in place of the usual 30. Also a different gas filling is used. 
Between each pair of index cathodes there are three guide electrodes: 
Guide X, Guide Y, and Guide Z. All Guide X connexions are common, 
as also are all Guide Y connexions. All Guide Z electrodes are also 
common with the exception of the one next to the output cathode Ko. 
Figs. 7.5 (6) and 7.6 show that the Guide X connexion is returned to 
Guide Y through 220 kQ shunted by 100 pF. The common Guide X is 
similarly returned to the common index cathode connexion, Kj-9, and 
the output Guide Zo in like manner to Ko. In the static condition 


(9) 


(b) 


(d) 


+30V 


Fig. 7.5. Alternative types of stepping tube: (a) double-pulse tube, (6) single-pulse 

‘Dekatron’, (c) single-pulse tube in which direction of stepping is determined by 

electrode geometry, (d) high-speed tube using grouped ‘odd’ and ‘even’ index cathode 
and correspondingly grouped guides. 
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Guides X and Y are biased to about +70 V. When the anode is returned 
to more than +420 V a discharge occurs to one index cathode or to 
one of the Guide Z electrodes. If the latter occurs, the 100-pF capacitor 
in the Guide Z return lead allows the discharge to become established 
before the 7R drop in the 220 kQ resistor causes the Guide Z potential 
to rise significantly. As the capacitor charges, however, the Guide Z 
potential rises and the discharge transfers automatically to the adjacent 
index cathode. Thus the static condition corresponds always to that in 
which the glow rests on an index cathode, any tendency to depart being 
opposed, on one side, by the +70 V on Guide X and, on the other, by 
the rise in Guide Z potential when Guide Z carries current. 

To register a count, a negative-going pulse is applied to Guide Y 
carrying it to about —75 V. As Guide X is returned (through 220 kQ 
shunted by 100 pF) to Guide Y, Guide X is carried negative with Guide 
Y. Asa result, the glow discharge which was resting on an index cathode 
transfers to the adjacent Guide X electrode. Almost immediately the 
100 pF in the Guide X lead is charged so that Guide X is positive with 
respect to Guide Y although still negative with respect to the index 
cathode. Accordingly, the discharge transfers automatically to Guide Y. 
No matter how long the pulse on Guide Y, the CR combination pre- 
vents the glow from returning to Guide X. When Guide Y returns to 
the normal positive bias it becomes more positive than Guide Z. Accord- 
ingly, the discharge transfers to Guide Z and thence to the succeeding 
index cathode, as described previously. 

It will thus be seen that the GC10D requires only a single driving 
pulse and, provided this is of sufficient duration (>25 psec), its shape 
is not critical. Moreover, the choice of gas-filling provides a relatively 
short de-ionization time. The GC10D can thus operate at stepping 
frequencies up to 20 kc/s. On the other hand, it is not readily used for 
reversible counting. ‘ 

Fig. 7.5 (c) represents a type of single-pulse tube in which the direc- 
tion of stepping is determined by electrode geometry. Hough and 
Ridler [2] have described tubes made by Standard Telephones and 
Cables Ltd. in which the glow is received by the edge of an index 
cathode, but automatically moves to the plate area, thereby priming 
the next guide cathode corresponding to clockwise rotation. A similar 
principle is used in the high-speed stepping tubes described by Apel [4] 
and manufactured by Elesta A/G. In these a central anode is surrounded 
by twenty cathodes of hooked form. The cathodes are tilted from a 
radial disposition so that the hooked inner end of each cathode is 
advanced in the direction in which the glow is to step. In the static 
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condition the glow rests on the rounded inner end of a hooked index 
cathode. The tail of the next guide cathode acts as a probe in the dis- 
charge, and accordingly is heavily primed by it. When this guide is 
pulsed negatively, therefore, it immediately accepts the discharge and 
the glow moves to the rounded end of the hook, thereby priming the 
next index cathode. As the guide potential rises at the end of the pulse, 
the discharge is therefore accepted by the primed index cathode. The 
EZ10 can operate at up to 100 kc/s and the EZ10B at 1 Mc/s. 

In both the S.T. & C. and the Elesta tubes it is important that adjacent 
index cathodes shall have separate cathode resistors and by-pass capa- 
citors. At the end of a short guide pulse the residual bias on the pre- 
viously conducting cathode then inhibits restriking of the still ionized 
gap. In many cases it is sufficient to use only two cathode RC combina- 
tions, one connected to all odd cathodes and the other to all even 
cathodes, as in Fig. 7.5 (c). 

Exceptional reliability of stepping is claimed for the Elesta ECT 100, 
illustrated diagrammatically in Fig. 7.5 (d). Twenty cathodes are used, 
comprising the tips of four star-shaped stampings insulated from each 
other, but mounted co-axially within a cylindrical anode ring. The arms 
are bent slightly so that their tips all lie in the same plane. Separate leads 
are brought out from each stamping, one representing all the odd- 
numbered index cathodes, another all the even. The other two stampings 
are guide electrodes, G1 and G2, which are RC coupled to the ‘odd’ 
and ‘even’ cathodes respectively. The ‘odd’ and ‘even’ cathodes are 
coupled directly to a bistable circuit so that one is at ground potential, 
the other at +60 V. In a quiescent condition G1 and G2 were biased to 
+30 V. 

Suppose the discharge rests on Ki, which is at ground potential. On 
receipt of an input pulse the bistable reverses state. Ki rises to +60 V 
and Ke falls to ground potential. Through the RC coupling, G1 is 
driven momentarily to >60 V and G2 to below ground. The discharge 
therefore transfers from Ki to the adjacent G2 electrode. Then, as G2 
rises once more to -+-30 V, the discharge transfers to Ke. 

The tube is provided with output probes close to the tips of the 
ten index cathodes. By ionic coupling an output of up to 200 V 
may be obtained from the probe opposite the conducting index 
cathode. 

It is claimed that, besides operating at up to 1 Mc/s under severe 
environmental conditions, the ECT100 shows virtual immunity from 
‘sticking’ (p. 183) following prolonged operation with the discharge 
resting on a single index cathode. The tube will also operate with 
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unusually large supply voltage variations, and h.t. stabilization is not 
generally needed. The relatively small drive pulse amplitude is readily 
provided by a pair of transistors. As the electrode arrangement is 
symmetrical, the tube may be stepped in reverse if the RC couplings to 
G1 and G2 are interchanged. 


Guide Pulse Dimensions 

The glow begins to transfer from one electrode to the next when the 
adjacent electrode reaches a potential 10 V below that of the electrode 
on which the glow is resting. Complete transfer will not occur unless 
the potential difference reaches 20 V. With a neon-filled tube the 
transfer time is then about 100 psec. This time is reduced if the potential 
difference is further increased. With a new tube a 60-V difference may 
reduce the transfer time to 25 psec, but as the tube ages this will become 
asymptotic to a value of about 75 usec. 

It is useful to apply the name guide transfer voltage (Var) to that 
part of the guide pulse amplitude which is effective in producing transfer 
from one electrode to another. Thus the guide transfer voltage is the 
voltage by which a guide is made more negative than either of its 
neighbours. The effective pulse duration is that time for which the guide 
is held more negative than its neighbours. With double rectangular 
pulses (Fig. 7.4 (a)) these values are rarely in doubt. With other shapes 
of drive pulse some care must be exercised. In Fig. 7.4 (c), for example, 
the effective duration of the Guide A pulse is the time ¢4 during which 
Guide A is more negative than Guide B. The effective transfer voltage 
on Guide A is more difficult to determine. The instantaneous value of 
guide transfer voltage falls as the potential of Guide B falls. Over the time 
ta, therefore, the effective pulse amplitude is less than its peak amplitude. 
Integrated pulse drive (Fig. 7.4 (6)) commonly requires a large value of 
ta, even though the peak value of Vgr may be made larger than that 
used with double integrated pulses. 

A maximum value of guide pulse is set by the danger of breakdown 
between any cathode and a negatively pulsed guide. If such breakdown 
occurs, current will flow from one electrode to the other. The electrode 
which then acts as an anode will have its working surface destroyed, 
and the tube will thereafter refuse to step correctly. For a neon-filled 
counter the maximum permissible voltage between any two electrodes 
(excluding the anode) is accordingly 140 V. With double rectangular 
pulse drives the pulse amplitudes must clearly be substantially less than 
this. Consideration of Fig. 7.4 (5) will show, however, that with inte- 
grated pulse drive the maximum pulse amplitude can exceed 140 V by a 
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few volts because with finite rise and fall times on the Guide B pulse the 
full pulse voltage is never developed between Guides A and B. 


Spurious Discharges Due to Sharp Pulses 

Very rapid rise and fall times are to be avoided. They can cause the 
anode-cathode voltage to change so rapidly that the discharge cannot 
establish itself sufficiently quickly in the appropriate gap. As a result, 
the anode-cathode voltage across this gap rises above the usual 190 V. 
This temporary increase in voltage may be sufficient to cause breakdown 
either to the wrong cathode (i.e. stepping in the reverse direction) or 
between the leads under the top ceramic of the tube. 

A somewhat similar phenomenon occurs if the anode load resistor 
is not connected directly to the tube base. Capacitance between anode 
load and ground may excessively restrict the rate of rise of anode 
potential required to follow a rising guide potential. The voltage across 
the gap will then fall below 190 V and the discharge will extinguish. 
Subsequently the anode voltage will rise towards the h.t. rail until break- 
down occurs — not necessarily in the required gap. These effects are 
avoided by restricting the risé and fall rates of guide pulses to less than 
100 V/usec and the rise of h.t. to a time-constant of 1 msec. This latter 
restriction is implicit in most h.t. supplies. If a switch is used in the 
h.t. supply, however, decoupling should be provided by 10 kQ and 
0:1 uF. The reset circuit should also have a time-constant of at least 
1 msec. 


Output Pulses 

An output pulse may be obtained by connecting a resistor Rx between 
any index cathode and ground. When the discharge rests on this cathode 
its potential rises due to the flow of cathode current through this 
_ resistor. If the anode current is not to be shared between the cathode 
and an adjacent guide it is necessary to restrict the value of Rx so that 
the cathode potential remains at least 10 V below the guide bias. With 
a bias of +40 V, therefore, stepping may become uncertain if the 
cathode potential is allowed to exceed +30 V. If a larger output pulse 
is required this may be obtained by returning the cathode resistor to a 
negative potential not exceeding —20 V. This technique is not applic- 
able to adjacent index cathodes, and is therefore not generally used with 
selector tubes. To accommodate tube ageing, the negative bias is better 
restricted to —12 to —15 V. Use of a negative cathode bias requires a 
corresponding increase in guide pulse amplitude and/or reduction in 
guide bias. 
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Manufacturers differ slightly in their recommendations regarding the 
permissible limits for output cathode bias and pulse amplitude. This is 
because, apart from differences between competitive tubes, the whole 
question is one of compromise between performance, component 
tolerances, and tube ageing. 

Mullard Ltd. [5] have reported that the limitation on maximum 


Fig. 7.6. Guide bias, drive, and interstage coupling for single-pulse ‘Dekatron’. 


stepping speed of 4 tube is normally.imposed by the necessity to step to 
cathodes at different potentials. If there is no necessity.to obtain output 
pulses the index cathodes may all be returned to ground, and a much 
higher rate of stepping can then be achieved. It was found that in this 
condition all samples of the Z504S would operate reliably up to 18 ke/s, 
whereas normally they are not’ recommended .for use above 5 kc/s, 
As a result of this observation, the circuit of Fig. 7.7 was developed. 
Use is made of the fact that the stepping tube is transferring a current 
from one cathode to another. The current received by the output cathode 
is applied to the base of'a transistor, and a 12-volt pulse is then delivered 
from the collector. This happens to be of the opposite polarity from 
that produced by the conventional cathode-resistor output. A standard 
pulse-differentiating inter-stage coupling may still be used, however, if 
the transistor is connected to Kg instead of Ko. The transistor then de- 
livers the required positive step as the glow leaves Ky instead of when it 
alights on Ko. 
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Due to effects discussed below, the maximum speed of this circuit is 
reduced after the tube has been operating in a static condition for some 
time. Even then, however, a stepping speed of 10 kc/s can be obtained 
without any reduction of tube life. 


Ov 


OUTPUT 


o12V 


Fig. 7.7. Interstage coupling operated by cathode current rather than cathode 
potential. A higher maximum stepping speed results. 


Tube Life 

It was noted earlier that the glow transfer time of a new neon-filled 
tube may be about 25 usec, but that this will increase to a stable value 
of about 75 usec. This change may occur during the first 1,000 hours of 
tube life. With correct use, the glow transfer time may thereafter remain 
practically constant for many thousands of hours. Eventually, however, 
the transfer time begins to rise again. When it has increased beyond the 
value specified by the manufacturer the life of the tube is technically at 
an end, even though stepping may still be effected by using guide pulses 
of longer duration. 

If the glow rests continuously on a single cathode the tube life may 
be only 2,000—3,000 hours. Since tube life depends largely on cathode 
condition, it is not surprising that a tube with 30 cathodes should show 
a life of up to 90,000 hours provided it is cycled continuously with 
equal dwell times on each cathode. In practice, tube life is a much more 
complicated function of operating conditions. 

When the glow rests on a particular cathode nickel is sputtered from 
that cathode on to adjacent guide electrodes. This sputtered-on nickel 
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has properties which differ from those of the pure nickel. If the guides 
receive an excess of sputtered nickel, therefore, the tube will refuse to 
step with guide pulses of normal dimensions. Excessive anode current 
will clearly accelerate the sputtering process. The minimum permissible 
tube current is determined either by inadequate priming of the adjacent 
anode-guide gaps or by the danger of entering an unstable negative- 
resistance part of the discharge characteristic. The recommended anode 
current exceeds these danger levels as little as possible so that sputtering 
is reduced to a minimum. 

The choice of guide bias also has an important effect on contamination 
of the guides by sputtered nickel. A relatively low guide bias voltage will 
allow 5 or 10% of the anode current to flow to either guide adjacent to 
the active cathode. If the guide bias is made high — in order to obtain 
large output cathode pulses, for example - the anode current is no 
longer shared in this way. Since this small current helps to restrict 
contamination of the guides, it is desirable to restrict the guide bias to a 
moderate value. This is particularly important in a scaler counting 
random pulses, since in this application the glow necessarily rests on the 
index cathodes for a much greater proportion of the time than on. the 
guides. Counters working on a constant frequency should, if possible, 
be designed so that the discharge rests for equal proportions of the cycle 
on cathode, Guide A and Guide B. This principle should be observed 
in each tube. In all applications a bias of about +40 V will give maximum 
tube life. 

After it has been prematurely aged by prolonged static operation a 
neon-filled tube may be rejuvenated very largely by continuous rapid 
stepping for an hour. This may require abnormally long guide pulses 
at first, but the transfer time will be reduced as the contaminated guides 
are sputtered clean. This recovery is not observed in tubes filled with 
gas mixtures other than neon. A decade counter using several similar 
neon-filled tubes lends itself to a simple preventive maintenance tech- 
nique: once a month remove the fastest-stepping tube, move each of the 
others up one decade so that each is operating ten times faster than 
before, finally replace the tube first removed so that it now operates in 
the slowest-stepping position. 

A tube which is not being used should either be switched off (by 
removing the anode supply) or cycled continuously (e.g. at power- 
supply frequency). 

Storage at above 60° C leads to contamination of the electrodes due 
to out-gassing of the glass. If the tube is operating continuously, tem- 
peratures up to 100° C have no ill effect. Above 60° C it is therefore 
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better to keep a tube cycling continuously rather than completely inert. 

Summarizing: 

(1) Use a guide bias of +40 V whenever possible. 

(2) Operate at the recommended anode current. 

(3) Keep the tube cycling. 

(4) For each tube, make the guide-pulse durations equal the cathode 
dwell time at the maximum speed at which that tube has to operate. 

(5) In a decade scaler interchange similar tubes regularly. 

(6) Do not store at high temperatures. 


Guide Bias Arrangements 
If the simple circuit of Fig. 7.8 (a) is used to provide the positive guide 


+Va 


(a) 


Fig. 7.8. The guide bias arrangement shown at (a) leads to autobiasing problems 
which are solved in the arrangement at (5). 


bias, Va, difficulties are soon encountered. A train of rectangular pulses 
applied through Cg would, even with the tube non-conducting, lead to a 
redistribution of potentials so that the mean guide potential assumes 
the value Vg, the guide swinging above as well as below this potential. 
The limits of the excursions of guide potential would therefore depend 
not only on the bias Vg and the amplitude of the applied pulses but also 
on the width and the recurrence rate of the pulses. 

When the tube is conducting a further complication arises. While the 
drive is holding the guide negative so that the glow rests on the guide, 
current flowing from anode to guide charges the capacitor Cg. To allow 
this charge to leak away, CaRq must be made small compared with the 
interval between pulses. If this is not done the rectifying action causes 
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the guide to bias itself almost to cut-off so that stepping does not occur. 
On the other hand, a small value of CgRg causes the guide pulse to be 
differentiated so that the guide may not be held negative sufficiently 
long to effect stepping. 

All these difficulties are best overcome by using a diode to clamp the 
guide to a suitable bias potential as shown in Fig. 7.8 (6). When a 
negative pulse is applied via Cg, the diode is non-conducting. The dura- 
tion of the negative pulse is thus limited only by the charging of Ce by 
anode current flowing into the guide. After a time, tp, Cg charges so 
much that the pulsed guide is no longer the most negative electrode. 
The anode current is then shared with an adjacent electrode. From such 
considerations the minimum value of Cg for a given value of fp is given 
by: 

Co min) = Iatp/ Var(peax) (7.1) 
where Var(peax) = peak guide transfer voltage = (Ve — Ve) and Ce is in 
pF, Ja in pA and fp in usec. 


With this value of Cg, however, Ver has fallen to zero at the end of 
the time tp. A faster and more positive transfer is therefore obtained 
by making Cg much larger so that Var remains almost unchanged 
throughout the pulse. In a double-rectangular pulse drive, therefore, 
it is common to make Cga nearly two orders larger than Cain), 


ie. Coa ~ Iatpa (7.2) 


This ensures that the discharge transfers quickly from cathode to 
Guide A before the Guide B pulse commences. This done, the return of 
Guide A to the positive bias helps to transfer the discharge to Guide B. 
Ces may safely be made considerably smaller than Cga. Since positive 
bias prevents Guide A from sharing anode current with Guide B, charg- 
ing of Cgp assists transfer to the next index cathode. 

Whether or not a diode is used, it is important to arrange that the 
time-constant CgRg (in Fig. 7.8 (a@)) or Co[RxRv/(Rx + Ry)] (in Fig. 
7,8 (b)) is less than the interval between successive pulses. Unless this is 
done, Ce will still carry a substantial charge at the start of the next 
pulse. 

Fig. 7.9 illustrates the application of these principles to the biasing 
of a GSI0D for double-rectangular pulse drive. 


Resetting 

Resetting to a partcular index cathode is effected simply by arranging 

that its potential is 120 V below any other electrode. The voltage between 
N 
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anode and the chosen cathode then exceeds the breakdown voltage and 
transfer occurs within 5 usec. 
This may be done in two ways: 


(1) The chosen cathode may receive a —120 V pulse of at least 
5 usec duration. 

(2) All other cathodes and guides may temporarily be raised 120 V 
above the chosen cathode. 


In a decade counter the first method leads to generation of ‘carry’ 
pulses during resetting to zero. Instead of the desired 0000 the indicated 


+300V +475V 


Fig. 7.9. Guide bias arrangements for double-rectangular pulse drive of GS1OD. 


count may thus become 1110. This arises as follows: the negative pulse 
is applied to all Ko cathodes and the discharge in each tube accordingly 
moves to this electrode. As this is the output cathode used for inter- 
stage coupling, however, the decay of the reset pulse allows each stage 
to pass a ‘carry’ pulse into the next. 

One way of overcoming this limitation is found in resetting to 9990. 
The carry pulse from the units then passes through the instrument and 
changes the display to 0000. This means that, except for the ‘units’ 
stage, tubes must be used having Ko and Ko separate from Ki-s. 

An alternative solution due to Whelan [6] comprises using interstage 
couplings in which the ‘carry’ pulses are due to the fall of potential of 
Kg rather than the rise of potential of Ko. 

The second method of resetting does not give rise to the same prob- 
lem. When all guides and cathodes other than Ko are raised to +120 V 
the discharge in each tube moves to Ko and produces a ‘carry’ pulse. 
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The succeeding stage is unable to respond to the carry pulse, however, 
so long as the reset condition persists. When the carry pulses have 
decayed the guides and cathodes may return to their normal potentials 
without a change of count taking place. 


Input Drives 

For the first stepping tube of a counting chain, a drive circuit is required 
providing guide pulses and bias of type and dimensions satisfying the 
considerations outlined above. The most appropriate circuit will depend 
on the source and nature of the signal, but in most cases signal shaping 
must be effected by valves or transistors. Tube manufacturers offer to 
provide advice on applications not already covered by their published 
literature [7, 8, 9]. General principles may be summarized, however, 
according to the type of signal to be counted: 


(a) Continuous Sine Wave 
This is the simplest case. Provided the input frequency does not vary 
greatly and is applied continuously, the simple circuit of Fig. 7.10 may 


Fig. 7.10. Input drive for operation of GC10B from continuous sine wave. 


be used. Here the guide bias is provided by the self-rectifying action 
of the guides. The correct bias is thus established only after the tube has 
received several consecutive pulses at the frequency, f, for which C; and 
Cz have been chosen. 


Ci 2Ce2 (7.3) 
Cz ~ (5/f) microfarads (7.4) 
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Fig. 7.11. Reshaping circuit converting train of sine waves to rectangular pulses 
for counting by GC10B. 


(b) Sine-wave Train 

When it is required to count the cycles of a train of sine wave, count- 
ing of the initial cycles may be assured by reshaping the wave to a 
rectangular form and then using an integrated pulse drive as in Fig. 
7.4 (b). A suitable drive circuit is shown in Fig. 7.11. 


(c) Step Function 

When the input is in the form of a step function, or a rectangular pulse 
of unspecified duration, it is not possible to choose a suitable time- 
constant for an integrated pulse drive. The most convenient drive 
arrangement is then usually the combination of differentiated and 
integrated pulses (Fig. 7.4 (c)). Inter-stage couplings (p. 190) are usually 
of this type. In appearance the circuit may strongly resemble Fig. 7.11. 
However, whereas in Fig. 7.11 the trailing edge of the Guide A pulse is 
defined by cut-off of the Schmitt trigger, a circuit operating from a step 
function uses differentiation in the coupling capacitor to provide a 
trailing edge to the Guide A pulse. 


(d) Pulse 
Sharp pulses may be converted to well-defined rectangular form and 
registered by an integrated-pulse drive, as in Fig. 7.12. This circuit will 
operate from a negative-going pulse of 30 V or more and having a rate 
of fall (on the leading edge) of at least 100 V/usec. 

Slower pulses may be shaped by the circuit of Fig. 7.11. 
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Fig. 7.12. Drive circuit converting sharp pulses to rectangular form which then 
provides integrated-pulse drive to stepping tube at right. 


(e) Random Pulse 

Nuclear scalers are required to register pulses having a random rate 
of arrival. An important consideration is the resolving time of the 
counter. Consecutive pulses arriving with a smaller time separation will 
be registered as a single count. Since gas-filled stepping tubes have a 
somewhat restricted resolving time, the resulting statistical error can be 
significant. 

For example, the Z505S can count regular pulses at up to 50 kp/s. 
But because it resolves input pulses only if they are 20 usec apart or 
more, randomly spaced pulses must be counted at a much lower mean 
rate if reasonable accuracy is required. If 1 in N of the input pulses 
arrive at a closer spacing, the indicated count will be low by 100/N 
per cent. The performance can be greatly improved by adding a binary 
stage before the input. This serves three purposes: 


(i) It defines the drive pulse dimensions. 

(ii) It reduces the mean rate of stepping by a factor of 2. Thus a 
regular pulse train of 100 kp/s may be counted by a Z505S preceded 
by a binary stage. 

(iii) If the probability of arrival of two consecutive pulses within 
20 psec is 1 in N, the probability of arrival of three pulses in the same 
time is | in N®. For a given statistical error of 1 in N, the addition of a 
suitable binary stage therefore allows an increase of mean counting 
tate by a factor N. 
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The design of fast binary counters has been discussed at length else- 
where [10, 11]. 


Inter-stage Couplings 

The output cathode of a tube provides a positive step function when 
the glow alights on it. This step must be amplified and shaped before 
it can be used to drive the next stepping tube in a decade scaler. If the 
first tube is fed with random pulses it is not possible to specify the time 
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Fig. 7.13. Interstage coupling suitable for use between two neon-filled stepping 
tubes. 


for which the glow will dwell on the output cathode. Thus, although the 
_ output cathode delivers a rectangular pulse, it is not practicable merely 
to invert and amplify this pulse to drive Guide A of the next stage and to 
integrate the rectangular pulse to drive Guide B. As explained at Input 
Drives above, the step function calls for a differentiated-plus-integrated 
pulse drive circuit. 

Even when the input is at a constant frequency, pulse shaping may be 
necessary. Suppose, for example, a GC10D is driven at its maximum 
stepping rate of 20 kp/s. The glow then rests on the output cathode for 
about 20 usec every 500 psec. The duration of the 20 psec output pulse 
is too short to operate a neon-filled stepping tube, such as a GCIOB, 
even though the tube in this succeeding stage is not required to count at 
above 2 kp/s. Although the 20 usec pulse could be used to operate a 
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second GCIOD, it is more usual to stretch the ‘carry’ pulse from the 
first tube so that it lasts for the 80 psec required by the slower tube. 

The inter-stage coupling shown in Fig. 7.6 shapes the pulses in the 
following way. When the glow alights on the output guide, Gzo, the 
flow of anode current through the 470 k© resistor causes the grid 
potential of the 12AT7 to rise. Grid current flows and clamps Ko to 


Input to previous stoge:- , 
Rectangulor pulses Cle 0-00Ip 
Sine wove Cle O-Olp 


Fic. 7.14. Interstage coupling using trigger tube. With capacitor values 
indicated, it may also be used as an input stage. 


approximately the +-9 V bias to which the 12AT7 cathode is returned. 
When the glow leaves Ko grid current ceases to flow, but the potential 
of the 12AT7 grid is temporarily maintained by the 47 pF (and Miller 
capacitance) of the grid. Thus, although the 12AT7 anode potential 
falls abruptly immediately the glow reaches Gzo, it does not recover until 
several tens of microseconds after the glow has left Ko. The 12AT7 
anode is connected via 0:02 uF to a guide bias and integrating circuits 
identical to those of Fig. 7.11. 

For coupling between two neon-filled stepping tubes, no pulse stretch- 
ing is required. The interstage coupling must still differentiate the pulse, 
however, and in the circuit of Fig. 7.13 this is done by the coupling 
capacitors. 


Fig. 7.15. Mullard circuit for decade scaler using trigger tubes for inter-stage coupling. 
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Inter-tube coupling may be effected by trigger tubes. Fig. 7.14 shows 
a circuit capable of handling up to 500 ‘carries’ per second. In Fig. 7.14, 
the trigger and anode circuits each operate in the self-quenching mode. 
When the trigger tube fires, Guide A is depressed to a lower potential 
than Guide B. Consequently, the discharge moves in a clockwise direc- 
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tion. The stepping tube anode current flows into Guide A and recharges 
C2, so that after about 80 usec Guide A has risen to ground potential. 
Transfer then occurs to Guide B, which is still some 60 V negative. C3 
recharges in the same way and, when both Guide A and Guide B are 
positive, transfer occurs to the next index cathode. 

Fig. 7.15 shows a Mullard circuit in which clamping diodes are used 


Fig. 7.16. Transistor blocking oscillator producing double-rectangular pulse 
drive for stepping tube. 


to allow the Z700U to serve as an interstage coupling amplifier handling 
up to 400 ‘carries’ per second. The trigger tube provides a negative- 
going pulse which is differentiated and integrated in a conventional 
manner for application to the stepping tube guides. Although this circuit 
calls for a rather large number of different bias supplies, they are readily 
obtained from a single bleeder chain. 

Transistors may also be used for driving and coupling stepping tubes 
[12, 13, 35, 36, 37]. Warman and Bibb [12] have described drive and 
reset units in which the relatively large pulses are obtained from 
transistor blocking oscillators. They operate several stepping tubes 
from a transistor d.c. converter delivering 500 V at 5 mA. Even in 
circuits provided only with low-voltage supplies for transistors, they 
are thus able to take advantage of the circuit economy and simple 
read-out offered by the cold cathode stepping tube. 
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The blocking oscillator drive used by Warman and Bibb is shown in 
Fig. 7.16. The base of transistor X1 is normally biased to about +1 V, 
so that continuous oscillation will be inhibited. When an input pulse is 
applied to winding W4 regeneration from the collector winding We. to 
base winding W, causes the transistor to switch on and ‘bottom’. The 
collector remains at ground potential until the transformer core 


+475V 


-t~ O-O5p jy 


YuUod 


3/sTACK 0-008 IN 


MUMETAL LAMS. 
RCLIOI TYPE 421 


“l2Vv- 


x R tMIN| VMIN ?MAX- 
OC77, 27m «10ps sv 2Ke/s 
oc83 (2A 20ps 1OV SKe/s 


Fig. 7.17. Transistor blocking oscillator providing differentiated and integrated 
pulses to Guides A and B respectively. 


saturates. The regenerative action then reverses and the collector poten- 
tial swings negative until caught at —20 V by diode Dj. As the trans- 
former back e.m.f. collapses, the collector returns to —12 V. When an 
input is applied to Wa, therefore, the collector potential swings from 
—12 V to ground and thence to —20 V before returning to —12 V. 
As a result, the winding Ws delivers a pulse of about 100 V, first of one 
polarity and then of the other. Diodes Dz and Dg clamp the stepping- 
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tube guides to the bias potential Vg whenever they tend to become 
positive. Thus Dz conducts while GDA is pulsed negatively and then, 
as the output of W3 reverses polarity, D3 conducts while GDB is pulsed 
negatively. The stepping tube therefore receives double rectangular 
guide pulses and can operate at its maximum speed. Warman and Bibb 
give full details of the transformers used in the blocking oscillator and 
the d.c. converter. 

An Ericsson circuit (Fig. 7.17) uses a blocking oscillator to drive a 
GCAI10G or GSA10G. This circuit requires only one negative supply. 
A single pulse from the transformer is differentiated for application to 
Guide A and integrated for application to Guide B. 

Sadowski and Cassidy [36] describe a rather simpler arrangement, 
but do not specify for which type of tube it is designed. 

Birk and others [37] describe a scaler using high-speed stepping tubes 
with inter-stage couplings provided by high voltage switching transistors. 
Only the first stage of their scaler is driven by a blocking oscillator. In 
order to achieve a high switching rate, reflected capacitive loading is 
minimized by using a high-voltage transistor and a transformer of small 
turns ratio. Moreover, the effective guide input capacitance of the 
stepping tube (~36 pF) is reduced by returning cathodes 1-9 to the 
base of the transistor rather than to ground. This places the guide— 
cathode capacitance in a positive feedback path so that it accelerates 
rather than retards switching. By these techniques the EZ10B in the first 
stage is driven at up to 500 ke/s. 

The Ericsson GS10J has been developed specifically for transistor 
drive. It requires a guide pulse amplitude of only 24 V, which is readily 
provided by a transistor flip-flop. Thus, although a second transistor is 
required, no transformer is needed. 


Reversible Counters 

When a reversible scaler is required an interstage coupling is necessary 
capable of delivering rectangular drive pulses in correct sequence to the 
following stage. For this purpose a special reversible stepping tube has 
been devised [14]. In most respects it resembles a normal double-pulse 
tube, but separate connexions are made available to the two guide 
electrodes situated between cathode Kg and Ko. These ‘routing guides’, 
RG, and RGzp, are returned to Guides A and B through 22 kQ resistors, 
as shown in Fig. 7.18. When the tube steps from Kg to Ko the discharge 
briefly rests on RGa and RGp and a potential appears across either 
resistor in turn. A direct-coupled differential amplifier inverts and 
amplifies the RG, pulse and applies it to Guide A of the next stepping 
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tube. A second amplifier transfers the RGg pulse to Guide B of the 
following stage. If the first tube is being driven in the ‘add’ direction, 
therefore, staggered double rectangular pulses in the ‘add’ sequence are 
passed to the following stage as the glow moves from Kg to Ko. When 
the first tube is driven in reverse the sequence of ‘carry’ pulses reverses 
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Fig. 7.18. Reversible decade scaler in which routing guides are used to deter- 
mine sequence of ‘carry’ pulses applied to subsequent stage. 


also, i.e. a ‘subtract’ signal is sent to the second tube each time the 
first moves from Ko to Ko. : 

The system of inter-stage coupling may be extended to 2 a counter of 
several decades. 

A circuit due to Oxley [15] provides a reversible decade scaler using 
the simpler tubes in which no separate connexions are provided to 
routing guides. Oxley’s circuit uses two univibrators, one providing ‘add’ 
pulses, the other ‘subtract’ pulses. When an ‘add’ pulse causes the glow 
to move on to the Ky cathode in one stage, coincidence of pulse and rise 
of Ko potential trips the ‘add’ univibrator of the next stage. The ‘subtract’ 
univibrator is tripped by coincidence of a ‘subtract’ pulse and the fall 
of Ko potential due to glow leaving Ko. The circuit is scarcely more 
complex than that needed for the special reversible tubes, and Oxley 


Fig. 7.19. Reversible counter due to Burnett. 
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claims it need not be subject to false counts due to rapid reversals of 
direction of counting. 

A simple circuit arrangement described by Burnett [16] may be used 
when the ‘add’ and ‘subtract’ inputs are separate, provided their separa- 
tion in time exceeds both the normal resolution time and the time re- 


SUBTRACT BUS 
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quired for a ‘carry’ to pass right through the counter chain, from the 
‘units’ to the most significant decade. Burnett’s circuit is shown in Fig. 
7.19. The first pulse of either input sets a bistable to an ‘add’ or ‘subtract’ 
condition, so that diode gates pass only the appropriate ‘carry’ pulses 
from one tube to the driver circuit of the next. Each driver stage com- 
prises two trigger-tube circuits comparable with that of Fig. 7.14. One 
tube produces an ‘add’ drive from the preceding Ko output, the other a 
‘subtract? drive from the Ky output. Since the bistable is reset on the 
leading edge of the first pulse arriving with a reversal of direction, the 
diodes are always biased in the correct way before the glow transfers 
to Ky or Ko. The counter is thus able to handle rapid reversals of count 
(e.g. 8, 9, 0, 9, 8) subject to the limitations specified above. 


Anoded-Cathode Circuit Design 

A typical stepping tube may operate with an anode current anywhere 
between 250 and 550 pA. The lower limit of the range is set by instability 
of the discharge, the upper by reduction of cathode life due to sputtering. 
For given values of anode and cathode resistance, Ra and Rx, the anode 
current J, is given by: 

~ Ve + Va - Vu 
In Rieke (7.5) 


where Vx is the negative bias to which Rx is returned. 


From this, it might appear that quite wide tolerances can be accepted 
on Vg and/or (Ra + Rx). The following analysis shows that a number 
of factors influence circuit design, and it is only with care that useful 
tolerances may be obtained on all parameters. 

Since the output from a stepping tube is due to the passage of Ia 
through Rx, a design based on the full working range of I, would lead 
to an output pulse varying more than 2 to 1. Where the output pulse 
must be of a defined amplitude, a catching diode should be used. 
Fig. 7.20 shows a convenient arrangement in which the grid—cathode 
gap of an inter-stage coupling amplifier acts as a diode catching Ko 
when it reaches ground potential. 

It will be seen shortly that in practice the output cathode current may 
not vary over the full range of J4. For some applications the output 
pulse may be sufficiently well defined by using rather close tolerances on 
Vp, Ra, and Rx. 

The highest value of anode current is drawn when the glow rests on a 
negatively pulsed guide. Knowing the positive bias, Vc, on the guides 
and the amplitude, Vp, of the negative-going guide pulse, one can write: 
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(i +7r)Vsa — Vu — Ve + Ve 
(li — w)Ra 
where r and w are acceptable fractional tolerances on Vg and Ra 
respectively. 
The minimum value of anode current occurs when the glow rests on 
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Fig. 7.20. Typical stepping tube circuit on which design procedure is based. 


the cathode reaching the most positive potential. If this potential is Vo 
above ground, then: 
(1 —r)Va — Vu + Vo 
(+ w)Ra 

The lowest acceptable value of nominal anode supply voltage is 
obtained by combining Relations (7.6) and (7.7). 
(1 — w)Zaqmax)(Vae + Vo) — 

(1 + w)latmin (Vn + Ve — Ve) 

(1 — r)  — w)acmax) — (1 +r) (1 + w)Zatmia) 


and the corresponding value of Ra is then 


- (i + 7)Ve(nom) (min) ~ Vu — Ve + Ve 
a iors w)Ia(max) 


(7.7) 


Ta(miny S 


Va(nom) (min) = 


(7.8) 


Ra (7.6a) 
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In practice, it is usual to increase Ra to the next preferred value. This 
will increase the value of Vp needed, but allow some latitude in choice 
of the precise value of Vx. So far as possible a nominal value of Vz 
should be chosen which is midway between the limiting values corre- 
sponding to Relations (7.6) and (7.7). 

The output voltage, (Vx + Vo), developed across a cathode load 
resistor, Rx, is given by: 

(Vx -+ Vo) = kRx 
~0-85IaARx (7.9) 


There is, however, a limit to the maximum voltage, Vo, to which an 
output cathode can rise. If Rx is increased until the cathode approaches 
the guide bias potential, then an increasing proportion of the anode 
current flows to the adjacent guides. There is thus practically no increase 
in Vo if Rx is increased beyond this value. Moreover, because of the 
current-sharing, the tube may not step correctly. 

If Vo is the critical value of output cathode voltage (measured above 
ground) the corresponding value of Rx may be expressed generally as: 

Rete) = ppt), Ra 
(Va — Vu — Vo) 0°85 


When no catching diode is used, Vo should not exceed (Vg — 10). 
Then: 


(7.10) 


R ____ Vet Ve~ 10) aw) Ra 

Kemax) 1 + r)Va — Vu — Va + 10) (1 + w) 0-85 

If a catching diode is used to restrict the value of Vo to less than 

(Va — 10) the value of Rx should be made sufficiently large to ensure 
correct limiting action. Then: 

R ____ Ve th) A +) Ra 

Kain) [1 — Na — Vu — Vo] (i — w) 0-85 

Typically, Rx might be made double this value so that the tolerance 

on Rx could be much more than w. 


(7.10a) 


(7.10b) 


Design Procedure for Anode—Cathode Circuit of Stepping Tube 
(a) From the manufacturer’s data, set out: 


Maximum permissible anode current, Iaqmax) 
Minimum permissible anode current, Jamin) 
Guide bias voltage, Vg 

Maximum amplitude of negative guide pulse, Vp 
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Anode-cathode voltage drop, Vu 
Minimum anode supply voltage, Vp¢min) 
(5) Set out the following data for circuit considered: 
Maximum positive voltage of output cathode, Vo 
Fractional tolerance, r, required on anode supply voltage, Vp 
Fractional tolerance, w, required on anode load resistor, Ra 


“ (c) From: Equation (7.8), determine the minimum nominal supply 


voltage, Vpinom) (miny, Which will satisfy the above requirements. 


(1 — w)Zaqmax)(Va + Vo) — 
(1 + w)latmin( Va + Va — Ve) 


, Fetaom) (miny = G—n (0 — wlacmaxy) — 1 +r) (1 + Wlacniy 8) 


(d) If Ve(nom) (min) is unacceptably high, use a smaller value of r 
and/or w and repeat operation (c). 

(e) Check that 

Va(nom) (min) = Vecminy/(1 — r) (7.11) 


If necessary, increase Vgmom) (min) to satisfy Relation (7.11). 
(f) Calculate the value of Ra corresponding to Vpqnom) (min). 


_ (. +.7r)Vamom) (miny — Vu — Va + Ve 


(1 — w)Zacmax) (7.6a) 


Ra 


_ (g) If Ra does not happen to be a preferred resistance value, choose 


the nearest preferred value, R’a above the calculated value. 
(A) For the selected preferred value of R’a, calculate the limiting 
values of V’3mom). 


1 
V’B(nom) (min) = an" + W)R‘alacmin) + Vu — Vo} (7.7a) 


V’B(nom) (max) =— ant —= eon + Vu +: Va —s Ve} (7.6b) 
(i) Choose Vg between these two limits and as nearly as possible 
midway between them. 
Va 2 4(V ‘Binom) (min) + VB mom) (max)) (7.12) 


(k) Where a catching diode is used to limit the output cathode to 
Vo, choose Rx > Rxcmin) given by Equation (7.10b). 


(Vx + Vo) d+w) Ra 


Reimin) = 7 <7) Va — Vu — Pal Q— w) 0°85 7100) 


(By putting Rx > 2RxK (min), the tolerance on Rx may be increased.) 
oO 
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(J) Where no catching diode is used, choose Rx < Rxcmax) given 
by Equation (7.10a). 


(V« + Ve — 10) (l—w) Ra 
Recnany = Id +nVs — Vu — Ve + 10] (1 +) 0:85 (7-12) 


EXAMPLE 7.1 Anode-cathode Circuit of Stepping Tube 

A ZS5O04S stepping tube is required to operate in the circuit of Fig. 7.20. 
Determine the value of anode supply voltage for a tolerance of +12%%. 
Also determine values and tolerances of anode and cathode resistors. 


(a2) From the manufacturer’s data: 


Tatmax) = O525mA Ve = 40V Ve =12V Va(miny) = 375 V 
Iaqminy = 0°250mA Ve =100V Vu = 195 V 


(b) For circuit of Fig. 7.20, grid-cathode diode action limits positive excur- 
sion of Ko to ground potential. .°. Vo =0. From specification, 
r = 0:12. Tentatively, put w = 0-05. 

(© Vi S 0:95 x 0-525(195 + 0) — 1-05 x 0:250(195 + 40 — 100) 

aes 0-88 x 0-95 x 0-525 — 1-12 x 1-05 x 0-250 
== 429V 

(d) This value of Vanom) (min) is not too high, and so there is no need to 

use a smaller value of r or w. 


(e) =—2 =46V 


Hence Va(nom) (min) does not have to be increased above the previously 
determined value of 429 V. 


1:12 x 429 — 195 — 40 + 100 


cy Ra = “S95 x 0525. SCO KD 

(g) Put R’a = 820 kQ 

(A) V’sinom) (min) = oath 05 x 820 x 0:250 + 195 — O} = =: 467 V 
V’Binom) (max) = aa 95 x 820 x 0-525 + 195 + 40 — 100} = = 485 V 


(/) Vs = 4(467 + 485) = 476 V, say 475 V. 
(k) For output cathode, Ko, 
12 +0 1-05 820 


Rxo(miny = [0°88 x 475 — 195 — 0] 0-95°0-85 ayer 


Hence put Rxo = 2 X 60 = 120 k© (no close tolerance). 
() For cathodes Ki to Ko, 


12 + 40 — 10 0-95 820 _ 
Reteoas) = (1-12 x 475 — 195 — 40 + 10) 1-05 "0-85 cael ag 


.. put Rea») = 120k2 45% 
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Solution: Ve = 475 V +12% 
Ra = 820kQ 45% 
Rxa-s) = 120kQ +5% each 
Rxo = 120kQ +20% 


Auxiliary-anode Tubes 
Two stepping tubes described by Reaney [17] are designed for direct 
operation of numerical indicator tubes without intermediate valves, 
trigger tubes, or transistors. These tubes, the GCA10G and GSA10G, 
are provided with ten auxiliary anodes, each situated between one of 
the index cathodes and the central main anode. When an index cathode 
is carrying current the associated auxiliary anode will carry 0-2 mA 
as its potential is raised from +200 to +227 V. An adjacent auxiliary 
anode is not so heavily primed, however, and so requires +256 to 
+265 V to carry the same range of current. By returning each auxiliary 
anode through a separate load resistor to a common supply, therefore, 
it is possible to obtain from each anode a negative-going pulse of the 
order of 40 V each time the glow rests on the associated cathode. This 
40 V may be used to apply a pre-bias to one cathode of a numerical 
indicator tube (p. 214). By using all ten auxiliary anodes in this way 
the numerical indicator can be made to display the state of count held 
by the stepping tube. The cathode current of the numerical indicator 
flows through the auxiliary anode and thence to the index cathode of 
the stepping tube. By careful choice of gas pressure and guide bias, 
these tubes have been designed to operate up to 10 ke/s with cathode 
currents of up to 3 mA and yet maintain a life of several thousand 
hours even on a static count. The tube is designed to operate at constant 
cathode current, the current being shared between auxiliary anode and 
main anode as required. 

Separately connected routing guides (p. 195) are provided between 
Kg and Ko so that reversible decade scalers may be constructed. 


Stepping-tube Applications 
Stepping tubes were developed specifically for pulse counting. The 
majority of applications are in this field, and may be classified into: 


(a) Counting, read-out, and reset applications in which input pulses 
are counted, the state of count observed visually or electrically and a 
reset pulse applied after the state of count has been read [18]. 

(6) Counting to a pre-selected indication, at which an output is 
initiated [19]. Resetting is often performed at the same time. 

(c) A combination of (5) controlling (a). 
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The first of these categories covers ‘open-loop’ applications: monitor- 
ing of the number of items or feet of material leaving a machine, 
registering the impulses from a telephone dial [12], statistical analysis 
of pulses into a size-distribution [20]. 

In the second category are batching counters [21, 22, 23] used for 
controlling a machine to feed pills, screws, etc., into packages in 
batches of any pre-selected number. Less obviously, it includes time 
control devices such as welder timers [24, 25] which count input pulses 
(often derived from the mains supply) and initiate and terminate pro- 
cesses at pre-determined intervals. 

The third category is most familiar as the tachometer or frequency 
meter [26, 27]. It includes any system measuring the ratio of two mean 
pulse rates. One pulse input (e.g. a standard frequency oscillator) drives 
a batching counter, and this gates a second counter to which the second 
pulse input is applied. 

Of these three categories, the first has dicsads been discussed at 
length. The batching counter differs only in that, as well as the counting 
function, it is necessary to provide for an output at one or more parti- 
cular states of count, and these may have to be readily adjustable. 
Craxton [21] has met these requirements by counting with selector 
tubes, outputs from chosen ‘hundreds’, ‘tens’, and ‘units’, cathodes 
being combined through a diode ‘AND’ gate. The gate delivers its 
‘AND’ output as the counter arrives at the chosen number. Craxton 
points out that when any required number is ‘0’ it need not be connected 
to the ‘AND’ gate. A batch of 500 thus calls only for an output from 
cathode Ks of the ‘hundreds’ tube. 


Frequency Division 

The batching counter is a particular form of frequency dividing circuit. 
For small numbers, division by 7 may be effected by taking an output 
from a load shared by every nth index cathode of a selector tube (Fig. 
7.21 (a)). For equally spaced output pulses the tube must have a number 
of cathodes divisible by 2. For this purpose, a 12-way selector is useful, 
since division by 2, 3, 4, 6, or 12 is possible. For awkward numbers, 
such as 7, Hough and Ridler [2] use a transformer coupling (Fig. 
7.21 (6)) to reset the count automatically to Ki as soon as the glow alights 
on K(n+1)- 

For counts in excess of 10 or 12 various authors [2, 30, 31] have 
described the use of several selector tubes in cascade so that, in effect, 
a selector is obtained having a larger number of cathodes. Their tech- 
niques are used for pulse distribution and are outlined on pp. 205 ef seq. 


os! 
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Waveform and Function Generators 

Pulse train generators [28] and time markers for oscilloscopes [22, 29] 
are other applications of the selector tube using frequency division 
techniques. A staircase waveform may be generated [7] by connecting 
successive selector cathodes to progressively higher tappings on-a 


Fig. 7.21. icesisney division, (a) by use of common load for every nth cathode, 
and (6) by automatic resering from K(n + 1) to Ki. ; 
common cathode load. A maximum output of about 35 V is obtained 
from the positive end of the cathode load. 

Duffy and Gilbert [30] extend this principle and, by returning each 
cathode to an appropriate tap on a common load, generate complex 
waveforms. Using several selectors in cascade, they produce waveforms 
composed of many small steps (Fig. 7.22). A smooth waveform is pro- 
duced by generating in this way the differential of the required function 
and then integrating it. Resolution is improved by increasing the rate 
of stepping at the more complex parts of the waveform. This function 
generator provides outputs repeatable to about 1%. 


Pulse Distributors 

Selector tubes are frequently used as pulse distributors. In a telephone 
exchange register described by Warman and Bibb [12] the output from 
a selector cathode gates one of a number of circuits to which the pulse 
input is applied simultaneously. A variant of this [31] comprises using 
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diode gates to combine pulses from chosen cathodes of cascaded 
selector tubes. In this way two 12-way selectors can distribute pulses 
to 144 channels. 

For smaller numbers of channels Stearman [31] has devised two 
methods of avoiding the limitations imposed by diode gates. Both use 
two or more selectors to simulate a selector having more than the usual 
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Fig. 7.22, Function generator due to Duffy and Gilbert. As the glow rests on each 
index cathode in turn, the output corresponds to the proportion of common load 
selected by the adjustable cathode taps. 


10 or 12 index cathodes. In the ‘glow-extinguishing method’ the 
separate selectors share a common anode load so that only one will 
conduct at a time (pp. 79 and 135). Guides of the several selectors are 
pulsed simultaneously so that the glow advances through the cathodes 
Ko to Kg in whichever tube is conducting. As the glow leaves cathode 
Ky, however, a univibrator delivers a large negative pulse to cathode 
Ko of the succeeding tube. This initiates a discharge to Ko which extin- 
guishes the glow in the tube formerly conducting. A similar coupling is 
provided from cathode Ko of each tube to Ko of the next, the tubes being 
connected in a ring. Stearman discusses the features of this circuit and 


ane 


a el am SHES 
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notes the limitation that, to produce reliable transfer from tube to tube, 
the univibrator pulse must have an amplitude of at least 200 V and a 
duration of at least 8 msec. The tubes must also be primed by ambient 
illumination. 

For these reasons, Stearman appears to favour the alternative 
‘quiescent cathode method’, In this method also guide pulses are applied 


+400V +400V 


Fig. 7.23, Stearman’s pulse distributor using ‘quiescent cathode method’, 


to all selectors in parallel. Each selector tube has a separate anode load, 
so all tubes conduct simultaneously. Bistable circuits apply a strongly 
negative bias to cathodes Ky of all tubes but,one. In these tubes the glow 
is thereby held on Kg because the guide potentials never fall below the 
bias on Ko. In the unbiased tube, however, the glow steps in response to 
the guide pulses until it leaves Kg. The fall in potential of Kg is used to 
reverse the state of a bistable circuit so that a pre-bias is applied to Ko 
of this tube, but removed from Kg of the succeeding tube. The guide 
pulses thus transfer the glow from Kg to Ko in the second tube. 
Stearman’s circuit for two tubes requires only one bistable circuit and 
is shown in Fig. 7.23. For more than two tubes he outlines a method of 
arranging the bistable circuits as a ring counter. Because all tubes are 
continuously primed, the‘ quiescent cathode method’ can operate 
more rapidly than the ‘glow-extinguishing method’. Outputs cannot 
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be taken from the Kg cathodes, however, and so two decade tubes give 
only 18 outputs. It would, however, seem practicable to obtain 20 
outputs by using one 10-way and one 12-way selector. Where fewer 
than 18 outputs are required Stearman applies a ‘reset’ pulse to a pre- 
determined cathode (Ki in Fig. 7.23) at the instant at which the negative 
bias is removed from Kg. The glow then skips to the pre-determined 
cathode and is almost immediately transferred by the guide pulse to the 
following cathode (Ke). In Fig. 7.23 the additional components indi- 
cated by broken lines cause the glow to skip cathodes Kp and Kj of the 
second selector tube so that consecutive outputs are produced at 
cathodes Ko to Kg of Vi and then Ke to Kg of V2 before returning to Ko 
of V4. 

An alternative to the quiescent cathode festinigue’ is found in circuits 
described by Hough and Ridler [2], Duffy and Gilbert [30], and by 
Chao [32] wherein it is the guide pulse generators of the individual tubes 
which are gated to provide the operation of each tube in turn. 


Read-out Systems y 

In data processing systems it is frequently necessary to read out the 
state of a decade scaler either to perform mathematical operations on 
the data or to transfer it to another form of storage, e.g. punched tape. 

A method described by Barnes and others [33] comprises temporarily 
rendering the ‘carry’ circuits inoperative and then applying 10 guide 
pulse pairs to all tubes so that the glow in each performs one complete 
circulation. The number of guide pulses remaining after an output has 
been obtained from Ko then corresponds to the indication on the tube. 
Similarly, the number of guide pulses occurring before the output pulse 
corresponds to the complement on 10 of the number indicated. 
Townsend and Camm [34] have described a calculator using a similar 
technique. 

In some applications it may be required to use a non-destructive 
read-out so that, for example, a tape punch may record the state of a 
scaler without interrupting its operation. Chao [32] has described an 
appropriate technique comprising applying a carrier signal to the anode 
of the selector tube to be interrogated and detecting the signal at the 
cathode on which the glow is resting. By combining the detector outputs 
from like cathodes, a number of tubes may be interrogated sequentially 
simply by applying the carrier signal to each anode in turn. 
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CHAPTER EIGHT 
Register and Display Tubes 


Multi-cathode display tubes may be divided into three classes: 


(1) ‘On-off’ Indicators. These have been developed to indicate the 
state of transistor circuits providing a low-voltage output. 

(2) Glow-position Register Tubes. These give a display similar to that 
of a stepping tube, i.e. the glow may assume one of 10 positions, the 
significance of which is indicated on a surrounding escutcheon. 

(3) ‘Clock-face’ Tubes. This is an intermediate type, designed specifi- 
cally for transistor operation. It gives a digital display, but with the 
numbers arranged around a ‘clock face’. 

(4) Digital (and Character) Display Tubes. These are designed for 
in-line digital display, all the numbers (or other characters) in a tube 
appearing in substantially the same position. 


‘On-off’ Indicators 

Fukukawa and Nakajo [1] have described an on-off indicator designed 
for use with transistor circuits. The tube has a single anode of nickel and 
two molybdenum cathodes so arranged that only the ‘indicating’ 
cathode is visible. A series resistor normally limits the current to about 
300 uA. In the absence of pre-bias, 20 k© in series with the indicating 
cathode develops sufficient bias to ensure that most of the current flows 
directly to ground through the hidden ‘holding’ cathode. If the indicat- 
ing cathode is negatively biased by 5 V or more it receives most of the 
anode current and glows to give an ‘on’ indication. Removal of the bias 


.- returns the tube to the ‘off’ condition. 


These simple tubes may be used to indicate the state of transistor 
bistable circuits such as are used in computers. Although they require a 


supply of the order of 200 V, they dissipate only about 75 mW per tube, 


including the power lost in the series resistor. 


Glow-position Register Tubes 

Glow-position tubes resemble selector-type stepping tubes (p. 172), 

but have no guide electrodes. These tubes may be used to indicate the 

state of count of a decade scaler using thermionic valves. They may 
211 
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also be used with some transistor circuits, in which application they 
provide a long-life display consuming little power. The high voltage for 
the anode supply may be derived from a transistor inverter. One use is 
as a display for the first stage of a decade scaler in which later stages are 
provided by cold cathode stepping tubes. The high-speed decade‘ may 
conveniently be a trochotron tube [2]. 

The GRIOA is representative of the glow-position register tube. It 
operates in the current range 50-250 pA, has a breakdown voltage, 
Via, of 129 V and a minimum maintaining voltage, Vatqminy, of 105 V. 
The tube is normally operated from a 360-V d.c. supply with 680 kQ 
in series with the common anode. Thus, if all cathodes are at earth 
potential breakdown may occur initially to any cathode. Thereafter the 
anode potential falls to the maintaining voltage, Vm, (~108-V) and no 
other anode-cathode gap will break down. If, however, a negative bias 
is applied to a non-conducting cathode breakdown will occur to this 
cathode when the bias is sufficiently large. The minimum required pre- 
bias, Vpp, is given by 


Vexuminy = Vic — Vucminy (8.1) 


For the GR1OA, it follows that Veppimin, = 24 V. 

In use the transistor or hard-valve counter applies a negative pre-bias 
to each cathode in turn. In a fast decade scaler the ionization and 
deionization times of the register tube may be too great for the glow to 
follow the pre-bias. Provided the pre-bias exceeds the value given by 
Equation (8.1), however, the correct indication will be given almost 
immediately the counter stops. Thus the maximum speed of the stage 
depends on the counting circuit and not on the register itself. 


‘Clock-face’ Tubes 
Botden [3] has described a register tube developed for use with transistor 
circuits. It uses a circular wire anode of nickel spaced 5 mm from a flat 
annular molybdenum cathode. Ten insulated areas on the cathode ensure 
that any anode—cathode discharge is confined to one of the uninsulated 
areas. Close to each cathode and partly between it and the common 
anode there is a wire trigger electrode. The use of pure metal electrodes 
and sputtering of the cathodes in manufacture leads to a tube with 
closely similar characteristics in each of the anode—cathode gaps. Quite 
a small positive bias on one trigger will therefore ensure preferential 
striking if the cathode voltage is made gradually negative. 

A clock-face tube is used in the circuit arrangement shown in Fig. 
8.1. Half-wave rectified a.c. is applied to drive the cathode negative with 
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respect to ground, to which the anode and all triggers are returned. As 
the diode D conducts at the beginning of a new supply cycle, the trigger— 
cathode voltage increases towards the critical voltage, Vr. If an external 
circuit, Xn, applies a positive bias of a few volts to trigger Tn, the gap 
between 7, and cathode will break down before any other. Provided 
Rr is low enough to permit the flow of a trigger current of a few tens 
of microamperes, the discharge transfers to the anode-cathode gap. 


Fig. 8.1. ‘Clock-face’ numerical indicator tube circuit. 


The cathode thereafter assumes a potential —Vm, where Vm is the 
anode-cathode maintaining voltage. As this is less than the breakdown 
voltage of any other trigger—cathode or anode-cathode gap, the cathode 
glows only opposite the positively biased trigger. 

In a production form of tube, the Mullard Z550M, the anode takes 
the form of a mask plate in which the numbers 0-9 are perforated. The 
cathode glow is visible through the stencil-like perforation of the anode 
so that the appropriate number appears luminous and is clearly legible 
either in daylight or in darkness. ; 

A bias of as little as 5 V is sufficient to produce reliable operation of a 
typical tube. The discharge extinguishes and re-triggers on each succes- 
sive half-cycle of the supply. If the positive bias is transferred to another 
trigger, the discharge will move to the appropriate cathode area on the 
next cycle. With sinusoidal supplies the glow cannot be displaced in 
this way if the supply frequency exceeds 3 kc/s. This js because the ‘off’ 
half-cycle is then too short to allow the tube to deionize sufficiently for 
the triggers to control anode-cathode breakdown. Botden indicates 
that 5 V is sufficient to control the tube at frequencies of 500 c/s or less. 

As in most cold cathode tubes, there is statistical delay associated with 
trigger-cathode breakdown (p. 62). If the trigger-cathode voltage is 


214 - Cold Cathode Tube Circuit Design 


rising too rapidly a delay of a few microseconds in the biased gap may 
allow another gap to reach triggering potential. In consequence, it is 
important that the rise of trigger—-cathode voltage shall not exceed about 
10 V/usec, if the tube is to operate reliably without requiring excessive 
trigger bias. This limitation is likely to be encountered only if rectangular 
waveforms are applied to the cathode. 


Digital (and Character) Display Tubes 

Errors arise in reading meter displays, due to parallax, fatigue, and 
confusion of scales. These errors are not completely eliminated by 
displays using cold cathode stepping tubes. They are significantly reduced 
when an in-line digital display is used, however. An appreciation of this 
fact has led to a demand for clearly legible numerical displays. Of the 
many devices now available, the cold cathode display tube [4, 5] 
has proved one of the most successful. It provides excellent legibility 
over wide viewing angles, long life, ruggedness, economy and compati- 
bility with thermionic valves, cold cathode tubes, or semiconductors. 
The display can be read even in direct sunlight, and yet the power 
consumption may be <500 mW per digit. 


Construction 

A typical tube comprises 10 nickel cathodes surrounded by a wire-mesh 
anode. Each cathode is in the shape of a number, letter, or symbol to 
be displayed. The 10 cathodes are insulated from each other and 
mounted about 1 mm apart, one behind the other. Separate connexions 
are provided to the common anode and to the individual cathodes via 
a multi-pin valve base or flying leads. The tube contains neon and, in 
long-life tubes, a trace of mercury. Its manner of operation resembles 
that of the register tube described above, but the cathode is identified 
by shape rather than position, the cathode glow enveloping the whole 
of the conducting cathode. 

Both side-view and end-view constructions are available in a variety 
of sizes. End-view number tubes of about 30 mm diameter are particu- 
larly popular. Cathodes in these tubes are punched out of nickel sheet 
to leave a line width of about 0-4 mm. It might be thought that stacking 
the 10 cathodes would lead to considerable obscuration of the rearmost 
numbers by those in front. In practice this is not so. The conducting 
cathode is visible by virtue of the negative glow (p. 16), which sur- 
rounds it to a depth of about 1 mm. The total width of the glow is thus 
about 2 mm, and the loss of light due to obscuration by another cathode 
0:4 mm wide does not exceed about 20%. 
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Ina long-life tube the inclusion of mercury in the filling gives rise to a 
faint blue haze surrounding the glowing cathode. Normally the envelope 
is coloured orange or red to render this invisible. 


Operating Conditions 

Fig. 8.2 shows the simplest method of operating a digital indicator. A 
supply, Vp, in excess of the breakdown voltage, Vic, is applied via a 
current limiting resistor, Ra, and the switch S. As shown, only the 


Fig. 8.2. Digital display tube operated by direct switching. 


cathode ‘4’ will carry current, the other cathodes assuming a potential 
intermediate between those of the anode and the active cathode. Ra 
must be chosen with some care. Sufficient current must be passed to fill 
the whole of any cathode. If this is exceeded, however, the tube operates 
in the region of abnormal glow (p. 15). With further increase of current, 
cathode sputtering increases rapidly and severely reduces tube life. For 
good operation throughout life it is therefore important that the manu- 
facturer’s recommendations be strictly observed. A new tube will 
generally perform satisfactorily on rather less than the specified mini- 
mum current. After some time, however, material sputtered from 
adjacent cathodes locally contaminates some of the cathodes so that the 
work function is increased over the contaminated areas. The current 
flowing to a cathode then tends to be:carried only by the clean areas. 
It is not until these areas are running severely into the abnormal glow 
region that the maintaining voltage increases sufficiently to cause the 
glow to extend over the contaminated parts of the cathode. Accordingly, 
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the manufacturer specifies a minimum current which will cause the 
glow to fill a cathode even when it is somewhat contaminated. 


Life 
From the foregoing it will be appreciated that tube life is usually deter- 


mined by sputtering of cathode material. This can produce gradual tube 
failure by one or more of the following effects: 


(1) Blackening of the glass envelope. 

(2) Some numbers may not be fully illuminated, due to local cathode 
contamination. 

(3) Parts of a cathode may be eroded completely. 

(4) Sputtered material may bridge insulators so that several 
cathodes tend to light at once. 


Tube life is shortest if the discharge rests continuously on one 
cathode. If all the cathodes are used in turn-and at sufficiently frequent 


(a) () 


Fig. 8.3. (a) Numerical display tube operated on unsmoothed, rectified a.c. 
(6) Corresponding anode current and anode voltage waveforms. 


intervals material sputtered on to a cathode is to a large extent removed 
again by further sputtering so that much of it is deposited elsewhere. 
In early designs of numerical indicator tubes a life of only about 
1,000 hours was obtained from a single cathode operating continuously 
on ad.c. supply. With the display regularly cycled through each cathode 
in turn, the life increased to about 5,000 hours. ‘Long-life’ tubes are 
now available in which a trace of mercury is included in the filling. This 
gives a greatly increased life: some 5,000 hours on a single cathode, 
rising to 30,000 hours on a display using each cathode in turn. 
:, Still longer lives are possible when pulsed h.t. supplies are employed. 
A commonly used arrangement (Fig. 8.3) comprises operating the tube 
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on unsmoothed half-wave rectified a.c. In this way the tube life is 
trebled, since it is conducting only for about one-third of the total cycle. 
An extension of this principle is shown in Fig. 8.4, wherein a trigger 
tube extinguishes the numerical indicator before the supply voltage 
reaches its peak value. The mode of operation is comparable with that 


(a) (v) 


Fig. 8.4. (a) Trigger tube used to reduce duty factor and extend life of numerical 
indicator tube. (6) Corresponding anode current and voltage waveforms for display 
tube. 


of the stabilizing circuit of Fig. 5.4. Several tubes may be controlled by 
a single trigger tube, the life of which may be arranged to match the 
life of the indicator tubes [6]. In using these techniques to extend tube 
life, it must be remembered that the luminance of the display falls in 
the same ratio as the mean current. If the tube current is reduced to 10°% 
to produce a ten-fold increase in tube life, its luminance will be reduced 
to one-tenth. The reduction in luminance is not likely to be serious 
unless the display is to be read in bright sunlight. 


Operation 
Over the working current range the anode-cathode voltage, Vm, of a 
number tube is almost constant. Suitable values and tolerances for 
supply voltage, Vg, and anode resistor, Ra, may therefore be arrived at 
using the design procedure for the stabilizer diode circuit (p. 26 et seq). 
Design is here simplified by the absence of a shunt load current, J,. 
(Hence Tucniny = Tucmax) = 0.) 

For some tubes, it is recommended equalizing resistors be connected 
in series with certain cathodes (e.g. ‘1’ and ‘7’) having areas significantly 
less than others and accordingly requiring smaller currents. Suitable 


values may then be obtained as a difference between the calculated 
P 
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values of Ra required for the larger and smaller cathode currents. Most 
modern tubes do not require equalizing resistors. 

For tubes operating on half-wave rectified a.c., Fig. 5.7 is applicable 
if k is interpreted as Vm 4/ 2/Vm. Authorities differ in their approach to 
the design of circuits for half-wave operation. McLoughlin [4] explicitly 
recommends an anode resistor chosen to restrict the peak cathode 
current to the maximum value permitted with d.c. operation. The mean 
current will then be about a quarter of this value, and tube life may be 


_-CATHODE ADJACENT 


TO ‘ON’ CATHODE 


20 40 60 


CATHODE MOST REMOTE Vv 
FROM ‘ON’ CATHODE 


Fig. 8.5. Current-sharing between ‘off’ cathodes in numerical indicator tube as 
function of pre-bias voltage between ‘off’ and ‘on’ cathodes. 


expected to be increased considerably. McDougall [7] advises a rela- 
tively low value of series resistor, and thereby obtains a mean current 
comparable with that recommended for smoothed-d.c. operation. This 
will cause the glow to cover the cathode fully over the greater part of 
the period of conduction. Sputtering is increased by the increased peak 
current, but, on the other hand, full use of the cathode area helps to 
preserve cathode cleanliness. Consequently, tube life may be no worse 
in this mode of operation, and cathode luminance is certainly higher. 
McDougall claims that with low-pre-bias voltages the display contrast 
is actually improved when an unsmoothed rectified a.c. supply is used. 

The display contrast is a function of current-sharing between cathodes. 
Fig. 8.5 shows that current-sharing is reduced as pre-bias is increased. 
Typically, display contrast is acceptable at 40 V bias and improves up 
to within 20 V of the anode maintaining voltage, i.e. up to about 120 V. 

The close spacing of the cathodes leads to considerable priming of 


SR andtioe 
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adjacent anode—cathode gaps by the discharge. Consequently, Equation 
(8.1) is not applicable to the numerical indicator tube. 

If the tube is operating in light, initial priming of an anode—cathode 
gap is effected by photo-emission. In complete darkness a delay of the 
order of one second may arise due to statistical variations in natural 
radiation on which priming is then dependent. This may be troublesome 
if the display is to be switched on only briefly, e.g. for photographic 
recording. One solution is to illuminate the tube by a small tungsten 
lamp covered by a violet filter (Ilford 621) and to render this priming 
illumination invisible to camera and/or eye by viewing through a 
yellow filter (Ilford 110). 

With certain tubes, e.g. the Ericsson GR10G, a simpler solution may 
be used. A continuous priming discharge of a few microamperes is 
established between a pair of adjacent pins which pass through the glass 
base of the tube, but are not connected to any of the electrodes. This 
discharge produces a faint glow below the lower ceramic and is therefore 
readily masked off. The pins used should preferably be remote from any 
connected to internal electrodes. A limiting resistance of 10-100 MQ 
must be inserted in series with one lead connecting the chosen pins to a 
supply 2225 V d.c. or 200 V r.m.s. a.c. 

Tubes operating on half-wave rectified power supplies present no 
special problems when used in complete darkness. Once a discharge has 
been established, the deionization time is long enough to ensure reliable 
restriking on each successive positive half-cycle. 


Design Procedure for Character Display Tube Operating on Rectified 
(Unsmoothed) A.C. Supply (Fig. 8.3) (also applicable to symmetrical 
diode indicators on a.c. supplies) 


(a) Set out the following data for the selected tube: 
Anode breakdown potential, Vig 
Anode maintaining potential, Vi, 
Maximum permissible average cathode current, [xav) (max) 
Minimum permissible average cathode current, Zx(av) (min) 
Maximum permissible peak cathode current, Ix¢pk) (max) 


(5) Set out further design data: 
R.m.s. voltage of a.c. supply, Vim 
Fractional tolerances, --r1 and —re, on a.c. supply voltage 
Full-wave rectification (u = 1), or half-wave (u = 4) 
(For indicators operating on unrectified a.c., u = 1.) 
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(c) Check that the a.c. supply voltage is sufficiently high to ensure 


striking, i.e., 
Via 
Vin = d+r)V2 (5.88a) 
(d) Determine k. 
— Vnr/2 
a Vu 


(e) From Fig. 5.7, determine the corresponding value of p. 
(f) Determine Ramin) 
(1 +11)Vin+/2 — Vu ut r1)Vin»/2. — Var 


< Ra min) 27 
P 


Ix(pk) (max) Tg (av) (max) 


(g) Determine the maximum factor, g, by which /xqv) (min) must be 
increased for design purposes. 


Viel Vin g 
0:75 1:2 
0:95 1-4 
1:10 1-7 
1-20 2:0 


(A) Determine Ra max). 
Reiman = = reVine/2 = Vou 
g . Ix(av) (min) 
(j) Determine Ra. 


Ra ZS 4(Raniny + Racmax)) 


(k) Choose a preferred value for Ra and a tolerance conforming with 
the limits given by () and (h) above. 


EXAMPLE 8.1 Character Display Tube on Rectified (Unsmoothed) 
A.C. Supply 

Determine the value and tolerance of the anode load resistance, Ra, 
for a Z520M numerical indicator tube operating on half-wave rectified 
a.c. supply of 240 V r.m.s., +10%, —15%. 


(a) Via = 170 V Tk(av) (max) = 2°55 mA 
Vu = 140 V Ix(av) (min) = 1:0mA 
Ix(px) (max) = 10 mA 
(6) Vm = 240 V r.m.s. r1 = 0-10 
u=t re = 0-15 
© as 170 = 109 V (<Vn) 


(+12 1104/2 
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__ 2740/2 _ ,. 
(d) k= a5 = 2-42 


(e) From Fig. 5.7, p = 1-94. 
(1 + 171)Vn+/2 — Vu - 1-10 x 2404/2 — 140 


—: * Q 

" Fx(px) (max) 10 234k 

u [A +riVm/2— Vu) 4 (1:10 x 240./2— 140) ,, 

Pp : Tuy) (max) a 1:94 es 2:5 P= 24 1k2 

2. Ramin) = 241kQ 
(g) Vic/Vm = 170/240 = 0-71 
.g=l2 
_ + . 85 x 240+\/2— 140) 

(A) Raimax) = 194 x 12x10 = 31-:8kQ 


Cj) Ra Z 4(24-1 + 31-8) = 27-9 kQ, say 27k&. 
(k) 24-1 kQ is 10°5% below 27 kQ. Hence use a 10% tolerance. 


Solution: 
In the circuit of Fig. 8.3, 


Ra = 27kQ +10% 


Thermionic Tube Drive 

Fig. 8.6 represents a straightforward, if rather cumbersome, way of 
producing an adequate pre-bias on a numerical indicator tube. It 
comprises returning each cathode to the anode of an individual ther- 
mionic triode. All triodes are biased to cut-off except the one which is 
to pre-bias the required number cathode. In Fig. 8.6 a selector stepping 
tube removes bias from the appropriate triode so that the number tube 
indicates the position of the glow in the stepping tube. With the com- 
ponent values shown, a second numerical indicator tube may, if re- 
quired, be connected to the same triode anodes. Thus a remote indicator 
calls only for an additional tube and 27-k© anode resistor. 

It is possible to obtain a ‘carry’ pulse from the anode of the triode 
connected to Ko. If this is done, a shunt resistor, Ro, is required so that 
the leading edge of the pulse shall be independent of the ionization time 
of the number tube. 


Transistor Drive 
Space and power may be saved by using n—p-n transistors to replace the 
thermoinic tubes of Fig. 8.6. A high-voltage transistor is required to 
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provide the required pre-bias of 40-50 V. Somlyody [8] has shown that 
the normal collector breakdown voltage of a transistor is increased if a 
reverse bias of at least 200 mV is applied to the base-emitter junction. 
As a result it is possible to use in Fig. 8.7 certain transistors (e.g. XA701, 
2N585, 28701) for which the maximum collector—emitter voltage rating 
is normally 20-25 V. 

A transistor is bottomed when in the ‘on’ condition. The value of 


+300V 


Fig. 8.6. Thermionic tube drive of numerical indicator from selector stepping 
tube. 


Ra is thus determined exactly as for a directly switched tube. It is only 
for the determination of transistor base return resistor, Rp, that a special 
design procedure [9] is required. 

If Rpg is returned to a negative bias, — Vx, then when the transistor is 
in the ‘off’ condition, 
Vx — Voevort) 


Zeo(max) 


(8.2) 


Rscmax) = 


In the ‘on’ condition, 


Vx + Voeton) 
Jingminy — Iv 


(8.3) 


Re(min) = 
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where Ve(on) = base-emitter voltage corresponding to base current, J», and 
a collector current, Jc, equal to Za(max) of the number tube. 

In Fig. 8.7 Rpis the resistor in each cathode lead of the selector tube and 
Im is the current in that cathode. In a representative case Rp 10 kQ. 
Somlyody [8] describes the ‘Trixie’ modules of ten transistors sold by 
Burroughs specifically to switch number tubes. In these modules the 


+ + 


Fig. 8.7, N-p-n transistors used to couple numerical indicator tube to selector 
stepping tube. 


working range of temperature is extended by connecting 1:5 MQ in 
parallel with each anode—cathode gap of the number tube. 

An Ericsson publication [10] shows how a digital indicator tube may 
be used to provide a decimal read-out from a transistor binary counter. 
The arrangement is shown in Fig. 8.8. A diode matrix provides binary- 
decimal conversion and n-p—n transistors switch the number-tube 
cathodes. 


Drive by Shockley Diode Ring 

P-n-p-n diodes (Shockley diodes) may also be used to switch digital 
display tubes. They can conveniently switch the rather large pre-bias 
voltages required by some tubes (e.g. the GR10G) and have also current- 
carrying capacity adequate for the switching of several tubes at once. 
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The Shockley diode [11] may be regarded as the semiconductor equi- 
valent of the ‘difference diode’ (p. 46). A typical Shockley diode has a 
breakover voltage of 100 V + 10 V and shows a forward voltage drop 
of <1 V when conducting. Used in the circuit of Fig. 8.9, p-n—p—n diodes 


#250V 


Ci eatt tity 
oe 


Fig. 8.8. Decimal indication from a binary scaler. The diode matrix provides binary- 
to-decimal conversion and the output is applied to the numerical display tube by 
n-p-n transistors. 


provide not only switching of the display tube, but counting also. The 
diode ring counter of Fig. 8.9 operates on the same principle as that of 
Fig. 3.14. The display tubes may be switched on and off (by raising and 
lowering their anode supply voltages) without disturbing the state of the 
Shockley diode counter. 


Trigger Tube Drive 

By returning each cathode of a number tube directly to the anode of a 
separate trigger tube, cold cathode driving circuits may be constructed 
capable of performing a variety of functions. 
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(a) Ring Counter 
Hodgson [12] has described a ring counter using the Z70U/Z700U to 
count at up to 2°5 kc/s and drive a Burroughs ‘Nixie’ HB106 number 


+150V 


-ISOV 


Fig. 8.9. Shockley diode ring counter driving two numerical indicator tubes, one 
having switched anode supply. 


tube. Fig. 8.10 shows a very similar circuit published by Mullard [13]. 
A Z700U, on the left of the diagram, operates in the self-quenching 
mode to provide low impedance positive-going pulses. These are applied, 
through 100 pF capacitors, to the triggers of ten tubes connected to 
form a ring counter (p. 135). In addition to the common 150 kQ anode 
resistor, a further 68 kQ is connected in series with each of the ten anodes. 
The conducting tube develops a pre-bias for the Z520M across one of 
these 68-k© resistors. The 0°01 uF capacitors shunting the 68-kQ anode 
resistors make the maximum counting speed of the ring less dependent 
on the rather long ionization and deionization times of the Z520M. 
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(b) Digital Display from Selector Tube 

An Ericsson circuit [10] provides a simple ‘add-on’ digital display which 
may be connected to an existing stepping-tube counter using selector 
tubes or to a transistor circuit which provides an output of 12 V or more. 
Fig. 8.11 shows that GRIOK and GTE120Y tubes operate in series 
across a half-wave rectified a.c. supply. The tubes therefore extinguish 


2430V 


ico YO Reger 


Fig. 8.10. Trigger tube ring counter driving numerical display tube directly. 


on alternate half-cycles of the supply. As the rectified voltage across the 
tubes increases with a new cycle, no tube strikes until the GTE120Y 
cathodes are nearly 120 V below ground. A positive trigger bias of as 
little as 12 V will then ensure that a particular tube fires before the others. 
As soon as this tube conducts, the cathodes of all GTE120Y tubes rise by 
virtue of the voltage drop across the 82-kQ series resistor. It follows that 
no other trigger tube can fire. With further increase in rectified voltage 
the drop across the 100-kQ anode resistor of the trigger tube rises to 
150 V and the GR1OK strikes to the appropriate cathode. 

The above process is repeated at the beginning of each new cycle of 
the mains supply. If the state of the input changes a new number will be 
displayed by the GR10K when a new cycle begins. 
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(c) Storage Display 
Using a d.c. supply instead of rectified a.c., a storage display results. 
Once one GTE120Y has struck to pre-bias the GR1OK in Fig. 8.12, the 
input has no further control over the display. When contacts a/1 and 
a/2 are open the tubes extinguish. When they reclose, therefore, the 
display is re-established, corresponding to the new input. 


Fig. 8.11. ‘Add-on’ trigger tube circuit coupling numerical display tube to 
selector stepping tube. 


Given suitable switching of contacts a/1 and a/2 in each unit, a num- 
ber of units similar to Fig. 8.12 may be used to allow a single frequency 
meter or digital voltmeter to operate in time-division multiplex, dis- 
playing several inputs simultaneously. 


Trochotron Drive 

The trochotron [2] is a high-vacuum stepping tube having a thermionic 
cathode and capable of operating at up to 2 Mc/s. It is particularly 
suited to the switching of large digital display tubes (Fig. 8.13), each 
of the 10 target anodes being able to carry up to 18 mA. The anodes 
show pentode-type characteristics and, accordingly, the trochotron is 
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not easily affected by the relatively long ionization and deionization 
times of the gas-filled display tube. In fact, the trochotron can still 
operate at its maximum frequency provided the target potential does not 
fall below the knee of the characteristic. At stepping speeds above 


Fig. 8.12. ‘Storage’ display unit using trigger tubes. The numerical display tube 
indicates the state of count of the selector stepping tube at the instant of closure of 
a/l and a/2. 


300 ke/s the display tube will fail to ionize and the 12-kQ resistors in 
Fig. 8.13 are accordingly needed to provide a path for the target current. 
As the trochotron stepping slows down or stops, the display tube will 
ionize once more. Even when counting slowly, however, the stepping 
action of the trochotron is so abrupt that the display tube may fail to 
conduct to the newly-switched cathode for some 200-300 psec. 

The value of target resistor, Rt, in Fig. 8.13 will give the correct dis- 
play tube current if: 


_ Vi— Ve + DaRa + Vu 


As the knee in the target characteristic occurs at approximately half 


R (8.4) 


+Va 


Vy 


Fig. 8.14. Numerical display tube operated directly by auxiliary-anode stepping 
tube. 
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the spade supply voltage, Vs, bottoming of the trochotron will be 
avoided if: 
Vi-—- 4Vs 


t 


R< (8.5) 


Although the pentode-type characteristics of the trochotron targets 
make an anode resistor not strictly necessary for the display tube, it is 
nevertheless desirable. If the drop across Ra is made of the same order 
as that across R;, then the dependence of J, upon /; is usefully reduced. 


Direct Drive by Auxiliary-anode Stepping Tube 

The auxiliary-anode stepping tube (p. 203) described by Reaney [14] 
was developed specifically to operate a digital display tube, using the 
circuit of Fig. 8.14. 

A decade scaler using auxiliary-anode tubes for counting can therefore 
be provided with digital display at very little extra cost. Close-tolerance 
resistors and well-regulated supplies will be required, however, if tube 
ratings are to be observed strictly. 

Design of the anode—cathode circuit begins with the choice of cathode 
resistor Rx. The manufacturer recommends a maximum value such 
that IxRx > 10 V. If larger output voltages are required they are 
obtainable (with the opposite polarity) at the auxiliary anodes. 

Writing Vm, Vm, and Vma for the maintaining voltages of the dis- 
play tube and the main anode- and auxiliary anode—cathode gaps of 
stepping tube respectively, one can write the following equations: 


Vea = IxRx + Vua + Vu + Ra (8.6) 
Ve = IkRx + Vum -- IamRau (8.7) 
Ve = IkRx + Va + Dsa(Raa + Ras) (8.8) 


Also, to ensure that no significant current is carried either by the 
‘off’? cathodes of the display tubes or by the ‘off’ auxiliary anodes of 
the stepping tube, Raa is chosen to drop the maximum voltage (~40 V) 
which can be applied between a conducting auxiliary anode and an 
adjacent non-conducting anode. Thus, 


IssRaa = 40V (8.9) 


Provided Jaa is small, so that Raa is large, this value is not very 
critical: any unwanted currents have to flow through one of the Raa 
resistors, and in so doing produce sufficient auto-bias to reduce the 
unwanted current considerably. 

Finally, 

Ie=Ihu + faa t+ dT (8.10) 
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Rewriting these equations to correspond to maximum and minimum 
values, fully toleranced values of Ram, Raa, Ras, Ra, and Vy may be 
determined. The following indicates the basis of the design procedure 
beginning on p. 233. 

From Equation (8.6), 


1 
In = R,(Ve — Va — Var — IxRs) (8.6a) 


de A an 
“* dVe Ra Va— Vua — Vu — IxRe 


Assuming the greater part of Ix is due to Ja, write: 


(8.11) 


nh i ave 
Substituting from Equation (8.11) 
8Ix _, 8Vp 
Tx ~ Va — Vua — Vu — TxRx G12) 
where 8Ix = Ix(maxy — Ix(miny 
and 3Va = Vaimex) — Vaiminy = 2rVa 


r = fractional tolerance on Vp 
Equation (8.12) may be re-written to give 


pw l blk i= Vea + Vu + InRx 
~2 Ik Va 


It will be seen, therefore, that r << 48/x/Ix and, unless very high 
values of Vz are used, r will be considerably smaller than this limiting 
value. 

With practical values, (Vuaa + Vu) ~ 0°8V3, 


(8.12a) 


i (8.12b) 


Using Equation (8.12b) to choose a reasonable value of r, the 
corresponding minimum supply voltage, Vp, may be determined from 
Equation (8.12a). 

This design procedure is somewhat pessimistic in that it neglects the 
regulation of Vy and Vma with current changes and also the fact that 
a significant proportion of the current passes through resistors effectively 
in shunt with the display tube. On the other hand, no allowance has 
yet been made for resistor tolerances. 

Allowance should strictly be made also for tolerances on the maintain- 
ing voltages of the various anode—-cathode gaps in the two tubes. In 
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practice, however, it is reasonable to neglect these: over the range of 
working current the incremental resistance of the discharge produces a 
change in Vy which is comparable with the manufacturer’s tolerance 
on Vy. Thus by neglecting the favourable effect of the incremental 
resistance, one makes some allowance for the (unfavourable) tolerance 
on Vy. 

With the value of supply voltage, Vp, and its fractional tolerance, r, 
settled, the designer may next determine the anode load, Ra, of the 
display tube and its tolerance wa. 

At this stage the maximum and minimum values of (Tam + Jaa) are 
calculated, corresponding to the maximum and minimum values of 
Js and Ig which will arise. 

As Vua cz Vaa, the tolerance wm on Ram may be estimated by 
assuming (Raa -+ Raz) is in parallel with Ram. Then, 

(laac + Taaomnn = COTS — Pare TR 7a) 
and 


~ (1 —r)Vs — Vum — IkRx 
Cam + Taa)(miny 2 3 + wu) Re 


_ _Ram(Raa + Ras) 
where si dea Ram + Raa + Rap 


Combining Equations (8.7a) and (8.7b), 


(8.7b) 


1+ we Ua + Taa)imex) {¢ — r)Va — Vem — ee 


1 — wa ~ (am + Jaa)iminy | (1 +:7)V3 — Vm — IxRx 
whence 


sisted 1 . (lam + Iaa)(max) . (i —r)Vs — Vum ~— IkRx 4 (8.13) 
ee Cam + Iaa)anmy [C1 +1 Vn — Vem — Ix Rx ° 


The value of the stepping tube main anode load resistor, Ra, and its 
tolerance, wm, may thus be found, leaving until last the fixing of 
Raa and Rap and their tolerances. Because this is the last step in the 
design, the tolerance on (Raa -+ Ran) is likely to be small. The indivi- 
dual values of Raa and Rap are much less critical, however, and it is 
thus possible to meet the design requirements using preferred value 
resistors. Moreover, as Raa is only a fraction of the value of Ran, a 
correspondingly larger tolerance may be permitted in Raa. 
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Design Procedure for Display Tube Directly Driven by Auxiliary-anode 
Stepping Tube 


(a) Set out the following data for the auxiliary-anode tube: 
Maximum cathode current, Jkcmax) 
Minimum cathode current, Ix min) 
Main anode-cathode maintaining voltage, Virm 
Auxiliary anode-cathode maintaining voltage, Va 
Maximum main anode current, Zamcmax) 
Minimum main anode current, Jammin) 
Value of cathode resistor, Rx 


(5) Set out the following data for the character display tube: 
Maximum anode current, acmax) 
Minimum anode current, Ja(min) 
Anode-cathode maintaining voltage, Vy. 


(c) Evaluate 
Bix Lxtmaxy) — Ix¢miny _ 
Tx ~ 4(Excmax) + Txqmin) 


(d) Tentatively setting r, the fractional tolerance on supply voltage, 


1 8f 
Vx, such that r= 5 - Te calculate Vpqom) (min), 


A 
Ve(nom) (min) Ao (Vma + Vic + InRx) (8.12c) 


where Lx = 4(xmax) + Ik(min)) 


(e) If this value of Vgmom) (min) is not excessive, choose a convenient 
value of Vgmom) not less than the calculated value. 


If the value of Vgmom) (min) is too high, repeat step (d) using a 
smaller value of r. 


(f) Determine the nominal anode load, Ra, for the display tube. 
(Vs — Vaa — Vu — IkRx) 
4CTacmax) -+ Ja(mm)) 

Round off to the nearest preferred value. 


(g) From Relation (8.14), determine the fractional tolerance, wa(max), 
on Ra which leaves J, influenced equally by wa and by r. 


r. Vp 
Va — Vua — Vu 


(8.6b) 


Ra D 


(8.14) 


Wa(max) — 
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(A) Tentatively choose a value of wa < Wacmax) 

(j) Determine the maximum value, Jaqmax), of Ja which will occur 
with tolerances r and wa 

da +nVs — Vua — Vu — IkRx 

(1 — wa)Ra 

(k) Check Ia’ (max) < Iacmay). If this relation is not satisfied, choose a 
smaller tolerance wa and repeat steps (/) and (k). 

(2) Determine the minimum value, J’ (min), of Ia. 


( — r)Vsa — Vua — Vu — IkRx 
(i + wa)Ra 


(8.6c) 


Ta’ (max) = 


Ta’ (min) = (8.6d) 

(m) Check Ja’(miny > Jacminy. If this relation is not satisfied, choose 
a smaller tolerance wa and repeat steps (/), (/), and (7). 

(n) Determine the maximum value of (Jam ++ I4a) corresponding to 


Ta’ (max): 
(lam + Zaa)(maxy = Ix(maxy — Ta’ (max) (8.10a) 
(0) Determine the minimum value of (Jam + Jaa) corresponding to 
Ta! (ain) 
Cam + Jna)(miny = Ix¢miny — Ia’(min) (8.10b) 


(p) Determine the approximate maximum value of the tolerance, wm, 
on Ram and (Raa + Rap). 
1 es + Iaa)(max) 


WM (max) — > 


2° Lam + Taa)ominy 


(1 — r)Vs — Vum — IxRx a: 
{§ +1r)Va - Vum — ee | Gy) 


(q) Determine Ram. 
Va — Vum — IxkRx 


=, er ee 7 
Raw 4(amcmax) + Tam(min)) Or 


(7) Determine maximum value, Jam’(max), Of Jam corresponding to 


Ta‘ (max). 
4 _ ad +r)Ve — Van — IxkRx 
Jam’ (max) = (= whi (8.7d) 
(s) Determine minimum value, Iam’(min, Of Jam corresponding to 
Ta’ (min). 


(1 —r)Vs — Vum — IkRx 
(1 + wu) Ram 


(t) Using Equation (8.15a) (derived from Equations (8.8) and (8.10)), 
determine the maximum value of (Raa + Raz). 


(8.7e) 


Tam’(min) = 
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(1 + waa) (Raa + Ras) max) = 
( — r)Vs ~— Vaasa — IxRe 


Fein) Li ain aay 
(u) Determine minimum value of (Raa + Rap). 
(1 — waa) (Raa + Ras)(min) = 
(+ rnVe — Vasa — IxkRx (8.15b) 


Tg(max) — Ta’(max) — Tam’ (max) 


(v) Using Equation (8.16) (derived from Equations (8.9) and (8.10)), 
determine the approximate value of Raa. 


40 
Raa FF 8. 
me 4(Tx(max) + Lx min)) — $(/a’(maxy) + (8.16) 


Za’ min) + Tam’(max) + Jam’(min)) 


(w) Choose Raa, Ras, and their tolerances to satisfy the results of 
steps (¢), (u), and (v). Raa should be made larger than the calcu- 
lated value, rather than smaller. 


EXAMPLE 8.2 Display Tube Directly Driven by Auxiliary-anode 
Stepping Tube 

Design a circuit according to Fig. 8.14 to drive a GR1OK display tube 
from an auxiliary-anode stepping tube, Type GSA10G. 


(a) Ix(max) = 3-0 mA Iamomax) = 0-9 mA 
Tx(miny = 2°3 mA Iam(miny = 0-5 mA 
Vum = 240 V Rx = 3-3 kQ 

Vua = 225V 


(6) Lacmax) = 1°83 mA 
Taqminy = 1:0 mA 


Vu = 140 V 
31x 3:0 — 2:3 
(c) Tk ~iG0L23) ~ 0-264 = A 
0-264 : : 
(d) Put r= ign 0-025, say (i.e. tolerance on Vz is +.24%). Then, 
0°264 
Veaqnom) (min) = 95945 5 png * 225 + 140 + 43-0 + 2:3) x 3-3] 
= 460 V 


(e) Put Vs = 475 V +24% 
Q2 
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(f) 


(g) 


(475 — 225 — 140 — 9) 
411-8 + 1-0) 
0-025 x 475 


Wate Gas 995 1a0 


Ra 


(A) Put wa = 0:10 (wa < 0-108). 


G) 


(k) Ia’ qmaxy = 1:85 mA  Tacmax). 


‘025 x 475 — 140 — 
Ta! (max) = 108 = 185mA 


Ra i 68 kO +5%). 


Gg) 
(k’) 
O 


(m) 
(0) . 


1:025 x 475 — 225 — 140 — 9 


= 72 kQ, say 68k 


Hence reduce wa to wa = 0-05 (ice. 


Ta’ (max) = "F705 x 6O8OCOSC~S~S = 1:75 mA 
Ta‘ max) = 1:75 mA < Tatmax) 

, 0975 x 475 — 225— 140-9 
Ts’ (min) = 105 x 68 = 1:26mA 


Ta! (min) = 1:26mA > Tamin) 
Cam + Jaa)onax) = 3:0 — 1-75 = 1:25 mA 
— Gam + Tsa)(min) = 2°3 — 1:26 = 1:04 mA 


(P) wrens) = 5 Ee teens aes ese an s - 1] = 0-0425 


1:04 [1-025 x 475 — 240 — 9 


As this value is slightly conservative, tentatively put wa = 0-05 


(q) 


(r) 


(s) 


(é) (1 + waa) (Raa + Rap)imax) = 


(u) (1 — waa) (Raa -++ Ras)imin) = 


(y) 


(w) Put 


Raa LF 


475 — 240 —9 0 
‘Ram = JOO +05) = 320 kQ, say 330k@2 +5% 
, 1025 x 475-9 
Iam’ (max) = 0:95 x 330 = 0-76 mA 
‘ __ 0975 x 475— 240-9 , 
TiS aha args ayy: > oe em 


0:975 x 475 — 225 —9 
2:3 — 1:26 — 0:62 


1-025 x 475 — 225 — 9 
3-0 — 1:75 — 0-76 


40 
(3-0 + 2-3) — 40-75 + 1-26 + 0-76 + 0°62) 


Raa = 110 kO +5% © 
Rap = 390kQ 4.2% 


== §12kQ 


= 485 kQ 


= 88 kQ 
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Solution 
In the circuit of Fig. 8.14, 
= GR10K Ra = 63kO 45% 
= GSAI0G Ram = 330kQ +5% 
Ve =475V +12V Raa = 110kQ 45% 
Re = 3:3kQ +5% Ras = 390kQ +2% 
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Index 


A.c. operation, 19, 146, 219 

Accuracy of timing circuits, 110 

Ambient illumination, 10, 23, 40, 50, 59, 
62, 71, 173, 219 

‘AND’ gate, 53, 73, 125, 128, 204 

Arc discharge, 8, 16, 160 et seq. 

‘Arcotron’, 168 

Arc thyratron, 168 

Auxiliary-anode tube, 203, 230 


Backlash, 146 

Batching counter, 136, 142, 204 

Blocking oscillator, 193 

Breakdown, 12, 23, 59, 60, 65, 179, 
180 


Capacitor triggering, 69 7 
Cathode, activated, 2, 3, 4, 5, 22, 40, 68, 
vhl : 
contamination, 61 
molybdenum, 4, 17, 33, 63, 65, 212 
nickel, 4, 171, 214 
Cathode fall, 1 
Cathode (negative) glow, 2, 15, 16, 18, 
214 
Cathode triggering, 75 
Chain counter, 135 et seq., 141 
‘Clean-up’ of gas, 17, 21, 162 
‘Clock-face’ tube, 211, 212 
Contaminating gases, 2, 4, 17 
Corona discharge, 13, 21, 23, 72 
Counting, 42, 44, 135 et seg., 203 
Counting Tube, see Stepping Tube 
Current triggering, 68 


Deionization, 4, 40, 64, 66, 80, 85, 
145 
‘Dekatron,’ 5, 171 
Delay, formative, 62, 145 
statistical, 40, 62 


Digital display tube, 5, 211, 214 et seq. 
drive, auxiliary anode tube, 230 
et seq. 
Shockley diode, 223 
thermionic tube, 221 
transistor, 221 
trigger tube, 224 
trochotron, 227 
Discharge, corona, 13, 21 
Display tube, see Digital Display Tube 
Distributor, pulse, .205 ; 
Drive pulse, stepping tube, 187 et seg. 


Emission, photo-, 9, 59 
secondary, 11, 68 
Extinguishing (quenching), 77 ef seq., 
146, 206 
common-anode-load, 79 
pulsed-anode, 82 
pulsed h.t., 83 
self, 38, 85, 91, 147, 192. 
series-switched, 77 
shunt-circuit, 78 


False triggering, 61, 73, 137, 180 
Flash duration, 165 

Flash tubes, 160, 163 

Frequency division, 204 
Frequency meter, 204 

Function generator, 205 


Gas multiplication, 11 
Gate circuit, 52, 125, 130 
Glow, abnormal, 15 
normal, 14 
Glow stabilizers (regulators), 20, 22 
Glow thyratrons, 65, 169 
Guide bias, 172, 184 
Guide electrode, 171 et seq. 
Guide pulse, 174, 179 
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Heating, effects of, 22, 67, 99, 166, 183 

High-speed tubes, trigger, 4, 64, 68 
stepping, 5, 177 

Hysteresis effect, 64, 67, 99, 148 


Ignition (striking), 23, 60, 173, 219 
Illumination, ambient, 10, 23, 40, 50, 59, 
62, 71, 173, 219 
Impedance, tube, 21, 22, 30, 86 
Incremental resistance, 21, 22, 30 
Index cathode, 171 
Indicator lamp, 3, 18, 211 
Indicator, ‘on-off’, 211 
Interstage coupling, 181, 190 et seq. 
transistor, 181, 193 
trigger tube, 192 
valve, 191 
Ionization, 8 
primary, 4, 60 
Ionization chamber, 9 
potential, 11 
time, 62, 65 


Level shifting, 56 

Life, 1, 3, 4, 18, 21, 57, 182, 215, 
216 

Light (emission of), 2, 15, 18, 19 

Logic circuits, 49, 50, 125 


‘m out of n’ gate, 130 

Matrix, 50, 223 

Memory circuits, 49, 50, 227 

Molybdenum cathode, 4, 17, 33, 63, 65, 
212 


Negative (cathode) glow, 2, 16, 18, 214 
‘Neostron,’ 161 : 

Nickel cathode, 4, 171, 214 

‘NOT?’ gate, 53, 84, 134 


‘OR’ gate, 53, 130, 134 
Out-gassing, 33, 166, 183 

Oven timer, 118 

Over-voltage (of trigger), 62, 128 


Photo-emission, 9, 59, 60, 68, 219 
Photographic exposure timer, 118, 122 
Positive column, 2, 16 

Power law timers, 118 


Power supply, stabilized, 91 
flash tube, 166, 167 
Pre-strike current, 68, 71 
Priming discharge, 4, 10, 24, 60, 62 
Primary ionization, 4, 65, 173 
Pulse distributor, 205 
Pulse generation, 47, 86, 187 et seq. 
Pulse-pulse-bias, 53, 72 et seg., 125, 135, 
142 
Pulse-training triggering, 71 


Quenching, see Extinguishing 


Radiation, alpha, 9, 10 
beta, 9, 10 
gamma, 8, 9 
natural, 10, 59, 173, 219 
X, 8,9 
Radioactive isotope, 10, 23, 59, 60, 62 
Read-out, 208, 221 et seq. 
Recombination, 9 
Rectified (unsmoothed) a.c., 64, 83, 146, 
217, 218, 219 
Reference tube, voltage, 22, 33 
Register tube, 211 
Relaxation oscillations, 22, 38, 69, 91, 
147 
Resetting relay, 146 
Resetting of stepping tube, 185 
Resistance, incremental, 21, 22, 30 
tube, 163 
Reversible counting, 48, 141, 173, 177, 
179, 195 et seq. 
Ring counter, 44, 135 et seg., 141, 223 
et seq. 
Routing guide, 195 


Scaler, 43, 190 

Secondary emission, 11, 68 

Self-resetting, relay, 146 

Shielded-anode tube, 63, 149 

Shift register, 49, 143 

Space charge, 13, 64 

Speech switching, 52 

Sputtering, 1, 2, 4, 17, 22, 61, 77, 162, 
183, 216 

Stabilization factor, 30 

Stabilizing diodes, 4, 20 et seq. 

‘Stabilovolt,’ 22 . 
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Statistical delay, 40, 62, 150 
Stepping tube, 5, 136, 171 et seq., 221, 
230 

single-pulse, 175 
‘Sticking’ of stepping tube, 178, 183 
Striking (ignition), 23, 60, 161 
Stroboscopic flash tubes, 160 et seq. 
‘Strobotron,’ 161 
Switching diodes, 160, 163 


Thermal effects, 22, 67, 99, 166, 183 

Thyratron, glow, 65, 169 

Timing circuits, 109 et seq. 
accuracy of, 112 et seq. 

Touch-sensitive relay, 88 

Townsend discharge, 10, 12 


Index + 259 


Transfer current, 59, 63, 68 et seq. 
Transfer (stepping tube), 173, 179 
Transistor drive, 179, 181, 193 et seq. 
Trigger circuit impedance, 68, 69, 72 
Trigger current, 68 

reverse, 61, 77, 78, 84, 136 
Trigger tube, 3, 59 et seq. 
Tritium, 10 
‘Tube resistance,’ 163 


Voltage jumps, 32 

Voltage stabilizer, 13, 20 et seq. 
degenerative, 91 et seg. 

Voltage transfer triggering, 75 


Welder timer, 118, 204 
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From Chapman & Hall's List 


Dielectrics 
J. C. ANDERSON 1964 184 pages Illustrated 


Elements of Pulse Techniques 
O. H. DAVIE 1964 288 pages 98 figures 


The Dielectric Circuit 
P. KEMP 1960 240pages 106 figures 


An Introduction to Counting Techniques 
and Circuit Logic 
K. J. DEAN 1964 224 pages Illustrated 


Protective Relays 
Volume One: Theory and Practice 
A. R. VAN C. WARRINGTON 1962 484 pages Illustrated 


Introduction to Transients 
D. K. McCLEERY 1961 240 pages 94 figures 


The Arc Discharge: Its Application to 
Power Control 
H. de B. KNIGHT 1960 444 pages 208 illustrations 
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